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Electrical properties of high-T, superconducting single-crystal Eu18a2Cu30y
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The normal resistivity and H, 2 of single-crystal EulBa2Cu30~ with T, 95 K and transition
width of 0.25 K were measured. The crystal has orthorhombic and twinning structure with the a
and b axes interchanged. H, 2 shows anisotropic characteristics, the ratio of (dH, gdT)r between
the c axis and the a bplan-e is about 4, and H, 2(0) is large, estimated to be 190 T. The
Eu&Ba2Cu30~ behaves as a quasi-two-dimensional superconductor. It is unambiguously evident in

the temperature dependence of the normal resistivity that dp/dT is anomalously large and that
the temperature-dependent curve has a bulge shape.

Since superconductivity near 30 K was found by Bed-
norz and Muller, ' extensive studies have concentrated on
the search for new high-T, superconducting metal-oxide
materials. The first superconducting material with T,
above liquid-nitrogen temperature was discovered in a
mixed-phase Y-Ba-Cu-0 system by Wu etal. , and Hi-
kami, Hirai, and Kagoshima, and the high-T, phase was
identified to be oxygen-deficient perovskite YiBa2Cu30y
(1:2:3 structure) by several groups independently.
Furthermore, high T, above 90 K was also observed in a
series of L-Ba-Cu-0 compounds where Y in YiBa2Cu30y
is replaced by lanthanide elements. ' So far, almost all
studies have used sintered powder samples for experimen-
tal measurements. The few papers studying single-crystal
samples were mainly concerned with superconducting
transition measurements in a magnetic field, which
showed a large H, 2 and H, ~ anisotropy and high estimat-
ed value of H, 2(0) in Y-Ba-Cu-0 crystal, ' ' and no de-
tailed study to clarify intrinsic transport phenomena i'
the normal state using single-crystal samples has been re-
ported.

In this Communication, we study the electrical proper-
ties of high-quality single-crystal Eu&Ba2Cu30~, and find
a large anisotropy in H, 2 and unusual behavior in the
normal-state resistivity. The reason we chose EuiBa2-
Cu30~ is because it has the hightest T, and the narrowest
transition width among L-Ba-Cu-0 compounds in sin-
tered powder form. " We also make a comparison
of electrical properties between EuiBa2Cu30~ and YlBa2-
CU30y.

EuiBa2Cu30~ single crystals were grown from molten
Eu-Ba-Cu-0 compounds. ' ' As-grown Eu

& Ba2Cu30y
crystals were annealed in an oxygen atmosphere at
900-950 C for 5-10 h, and cooled down to room temper-
ature. The crystal structure and the lattice constants were
determined using Weissenberg photographs and a four-
circle x-ray diA'ractometer. Chemical compositions Eu,
Ba, and Cu were determined to be 1:2:3using an energy
dispersion type electron-probe microanalyzer (EPMA).
Sample resistivity was measured using the low-frequency
(73 Hz) ac four-terminal method. Silver films were
evaporated on the samples as lead terminals. Gold wire
leads were attached to the terminals with silver paste.
Angle-dependent H, 2 measurements were carried out by

rotating a sample holder (Vacuum Metallurgical Co.
Ltd. ) with a Hall generator (Lake Shore Cryotronics,
Inc. ) in a magnetic field. The temperature was deter-
mined by a calibrated Pt resistance thermometer or
carbon-glass thermometer in the magnetic field.

The crystal is a roughly rectangular prismatic with typ-
ical dimensions of 0.5x0.5x0.05 mm . The largest facet
is the a-b plane, which is perpendicular to the c axis. The
as-grown crystals showed low T, or no superconducting
transition above 10 K. From Weissenberg photographs
the crystallographic symmetry of these samples was found
to be tetragonal. Lattice constants of the typical as-grown
samples are 3.866 A for a and b axes and 11.735 A for the
c axis. By contrast, oxygen annealed crystals are ortho-
rhombic (a/b =1.015) and showed a sharp superconduct-
ing transition above 90 K. Figure 1 shows a polarized op-
tical microscope (POM) photograph of the oxygen-
annealed crystal at room temperature by the reAection
mode. A number of black and white lines at 45 to the a
and b axes are observed in the crystal, clearly indicating
that a twin structure with interchanged a and b axes grew

P.1 mm

FIG. 1. Polarized optical microscope photograph of the oxy-
gen annealed crystal Eui Ba2Cu30~ by reflection mode.
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FIG. 2. The resistivity vs temperature for the Eu&BazCu30y
single crystal. Inset: expansion of the region near T, . The
dashed line is resistivity for the sintered powder sample of
EulBa2Cu30y. The resistivity values of the powder sample at
100 and 270 K are 1.68 m 0 cm and 3.50 m 0 cm, respectively.

in the cooling process. This explanation is supported by
Eu&Ba2Cu30& powder x-ray studies indicating the phase
transition between tetragonal and orthorhombic observed
range between 650 and 350 C. Therefore, the anisotropic
electrical properties of the a and b axes cannot be expect-
ed in our samples. It is worthwhile noting that white and
black contrasts in POM observation were changed by ro-
tating the sample in the a-b plane. Optical reAectivity
may diAer between the a and b axes.

The temperature-dependent resistivity of a typical
oxygen-annealed sample measured along the a bplan-e is
shown in Fig. 2 and material parameters are summarized
in Table I. The very sharp superconducting transition ob-
served at 95 K with h, T, =0.25 K proved high-quality
crystals, where h, T, is defined as the temperature width
between 90% and 10% of normal resistance at 95.5 K.
Temperature-dependent resistivity in the normal state is
discussed later.

Figure 3(a) shows the angle 8 dependence of T p and
T, ;d in the 5-T magnetic field, where T o, T;d, and 0
are defined as the temperatures of zero resistance and of
the half value of the resistivity at 95.5 K, and as the angle
between the magnetic field direction and the c-axis plane
of the sample shown in Fig. 3, respectively. Anisotropic
H, q between the a-b plane and c axis was observed. In the
magnetic field, the resistivity transition appeared sharply
down to zero and did not show the large tail which was
often observed in sintered powder samples. A small tran-
sition tail was sometimes observed. This could be due to
the penetration of magnetic Auxes into the sample along
twin lines. Therefore, T 0 is adopted as zero resistance
temperature shown in Fig. 3(b) instead of T,*p. When
adopting the redefined T,o, the T,o of 0 dependence is
symmetric with the value at 0=0 .

Figure 4 shows the temperature dependence of H, 2~
and H, 2ii, which are defined as H, 2, at 0=0 and 0=90,
respectively. The value of H, 2 (T, ;d), which is normally
used for sintered powder samples, is also shown in Fig. 4
for comparison with the other data. The temperature
dependence of H, 2 in the present measured range exhibits

TABLE I. Material parameters for Eu&Ba2Cu30y single crys-
tal.

Measured parameters

T, midpoint
h, T,
p(270')
p( I OOK)

dp/d T
dH, 2i/dT
dH, 2p/dT

94.8 K
0,25 K
0.72 mQ cm
0.41 mA cm
1.5 pQ cm/K

—0.7 T/K
—3.0 T/K

He zii (0)
H„~(0)
(ii(0)
g (0)

Derived parameters

190 T
45 T
27 A
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FIG. 3. The anisotropic 0,2 measurement results between c
axis and a bplane in magnetic fi-eld at 5 T. (a) Angle 8 vs T,
curve. Three kinds of T, are defined T, ;d, T,0, and T,*o as
shown in Fig. 2(b). The dashed lines are a guide for the eyes.
(b) The resistivity transition curves for two examples at
8=40'(~) and 8=75 ($). Three defined T, points are also
shown.

the slightly upward curvature often observed in layered
superconductors. ' This suggests that the sample behaves
like a two-dimensional superconductor. The values of
dH, z&/dT and dH, 2s/dT are roughly estimated to be
—0.7 T/K at t =0.93 and —3.0 T/K at t =0.98, where t
is T/T, . The anisotropic H, 2 ratio between the c axis and
a bplane i-s about 4. These values of dH, 2~/d T,
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FIG. 4. Upper-critical field 0,2 vs temperature T for single-
crystal EuiBazCu&O». H, z(T, p) is defined H, z at T,p shown in
Fig. 2(b). H, (z~T; )dis defined H, z at T, ;d which is defined at
midpoint resistivity transition. The parallel (II) means magnetic
field applied parallel to a bplane. Th-e perpendicular (J )
means magnetic field direction applied parallel to c axis. The
dashed lines are guides for dH, z/dT estimation.

dH, zii/dT, and anisotropy are almost the same as those of
the high-T, single-crystal Y&Ba2Cu30y reported by Iye,
Tamegai, Takeya, and Takei. ' These results indicate
that the replacement of Y +

by Eu + has virtually no
eAect on superconducting characteristics in the magnetic
held.

By using the relation H, z(0) =0.69T, (dH, z/dT)T, ,

H, zii(0) of 190 T and H, z&(0) of 45 T were estimated
roughly. The H, z(0) of 80 T, z3 85 T, z and 148 T (Ref.
25) previously reported for sintered YiBazCu30~ samples
are in the range of these estimated values. Anisotropic
coherent lengths gii(0) and gz (0) were also estimated to
be 27 and 6 A, respectively, by using the relation that
Hczz @o/2zrgi~ and H, zii =Co/2zr(&gii, where @p is the
Aux quantum. The value of g~ is about half the c-axis lat-
tice constant. Recent studies on the electronic band struc-
ture of Y~Ba2Cu30y have shown that the electrical con-
duction of high-T, oxide superconductors is dominated by
the layered and ribboned in-plane Cu(3d)-O(2p) interac-
tion. The crystal-structure analysis shows oxygen
atoms in the L plane of L~Ba2Cu30y are missing and the
conducting paths are separated by the L plane, then the
two-dimensional figure shows up. The distance between
Cu-0 planes separated by L is approximately 4 A which is
shorter than (z. Two-dimensional superconducting layers
can be weakly coupled by Josephson tunneling. ' It
should be noted that the H, 2 anisotropy in Eu~Ba2Cu30y
and Y~Ba2Cu30y is smaller than the H, ~ anisotropy of 10

in single-crystal Y~Ba2Cu30y. ' At present, however, we
have no quantitative data to explain the difference be-
tween H, ~ and H, 2 anisotropic values.

The electronic band-structure calculation also suggests
that electrical properties should exhibit anisotropy be-
tween a and b axes. ' However, Mitzi etal. recently
pointed out that a one-dimensional feature is not essential
for high-T, 1:2:3structure materials. Although unable
to measure anisotropic conduction between a and b axes
because of the twinning structure, the anisotropic optical
reflectivity observed in our preliminary POM study sug-
gests anisotropy in the electronic structure. To under-
stand high-T, mechanisms, it will be very important to in-
vestigate anisotropic conduction between a and b axes by
using nontwinning single-crystal samples.

Unusual behaviors are observed at normal resistivity in
Fig. 2. The resistivity ratio [Rz =R(270 K)/R(100 K))
of 1.8 is smaller than previously reported values, ' and
the dp/dT value of 1.5 p A cm/K is extraordinarily large.
These characteristics were observed in high-quality sin-
tered powder materials. In Fig. 2, results for the sintered
Eu ~ Ba2Cu30y powder sample are also shown. The
single-crystal resistivity is about 4 that of the sintered
one, but RR is slightly smaller. Murphy et al. pointed out
that the correlation between resistivity and RR was quite
rough in sintered Eu- and Y-based samples, and suggested
that intergrain resistivity may be important for sintered
samples. However, assuming anisotropic resistivity in
the normal state of a single crystal, which is easily specu-
lated from H, 2 measurements, anomalous RR in sintered
samples can be explained by the existence of microcrystals
with various orientations, which could be strongly depen-
dent on sintering processes.

It should be noted that resistivity of the single crystal
decreases linearly with temperature down to about 170 K,
and dp/dT increases slightly with decreasing temperature
down to T, . Consequently, a downward temperature
dependence called a bulge for resistivity appeared. The
bulge is very often observed in dirty superconductors such
as 415 materials, ' and its origin has been explained in
terms of strong electron-phonon coupling. However, the
1.5 iud cm/K value of dp/dT in our sample seems too
large to explain the bulge structure by electron-phonon
coupling. Anomalously large dp/dT was already pointed
out by Lee and Read, but it was not clear whether this
characteristic was intrinsic in the normal-state resistivity
or not because only data for sintered powder materials
were available. The present work indicates that the large
dp/dT and the bulge structure are intrinsic in normal-
state resistivity of Eu~Ba2Cu20y, and could be essential in
oxide superconductors with 1:2:3structure.

To summarize, we have studied the normal and super-
conducting resistivity of single-crystal Eu&Ba2Cu30y with
T, =95 K. Magnetic field measurements revealed that
(dH, zii/dT)/(dH, zz/dT) anisotropy is about 4, and that a
large H, z(0) of 190 T is estimated. It is unambiguously
evident from the temperature dependence of the normal
resistivity that dp/dT is anomalously large, and that the
temperature-dependent curve has a bulge shape. Further
detailed investigations using various single-crystal sam-
ples will be necessary to elucidate the high-T, mechanism.



The authors would like to thank H. Iwasaki, Y. Katayama, C. Uemura, T. Inamura, T. Yamada, M. Igarashi, T. Mu-
rakami, J. Noda, and T. Tamamura for their support and encouragement throughout the course of this study. The au-
thors would also like to thank S. Kurihara, K. Semba, and H. Nakano for their helpful discussions, H. Suzuki for crystal
structure analysis using Weissenberg photographs and four-circle x-ray diA'ractmeter, and Y. Takeuchi for POM experi-
ments.

'J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
M. K. Wu, J. R. Ashburn, C. J. Torng, P. H, Hor, R. L. Meng,

L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987).

S. Hikami, T. Hirai, and S. Kagoshima, Jpn. J. Appl. Phys. 26,
L314 (1987).

4R. J. Cava, B. Batlogg, R. B. van Dover, D. W. Murphy,
S. Sunshine, T. Siegrist, J. P. Remeika, E. A. Rietman,
S. Zahurak, and G. P. Espinosa, Phys. Rev. Lett. 58, 1676
(1987).

~P. M. Grant, R. B. Beyers, E. M. Enger, G. Lim, S. S. P. Par-
kin, M. L. Ramirez, V. Y. Lee, A. Nazzal, J. E. Vazquez, and

R. J. Savoy, Phys. Rev. B 35, 7242 (1987).
6K. Semba, S. Tsurumi, M. Hikita, T. Iwata, J. Noda, and

S. Kurihara, Jpn. J. Appl. Phys. 26, L429 (1987).
7D. W. Murphy, S. Sunshine, R. B. van Dover, R. J. Cava,

B. Batlogg, S. M. Zahurak, and L. F. Schneemeyer, Phys.
Rev. Lett. 58, 1888 (1987).

SP. H. Hor, R. L. Meng, Y. Q. Wang, L. Gao, Z. J. Huang,
J. Bechfold, K. Forster, and C. W. Chu, Phys. Rev. Lett. 58,
1891 (1987).

S. Hosoya, S. Shamoto, M. Onoda, and M. Sato, Jpn. J. Appl.
Phys. 26, L325 (1987); 26, L456 (1987).
T. Yamada, K. Kinoshita, A. Matsuda, T. Watanabe, and
Y. Asano, Jpn. J. Appl. Phys. 26, L633 (1987).

"S.Tsurumi, H. Hikita, T. Iwata, K. Semba, and S. Kurihara,
Jpn. J. Appl. Phys. 26, L633 (1987).

'2J. M. Tarascon, W. R. McKinnon, L. H. Greene, G. H. Hull,
and E. M. Vogel, Phys. Rev. B 36, 226 (1987).

' Z. Fisk, J. D. Thompson, E. Zirngiebl, J. L. Smith, and S-W.
Cheong, Solid State Commun. 62, 743 (1987).

' A. R. Moodenbaugh, M. Suenaga, T. Asano, R. N. Shelton,
H. C. Ku, R. W. McCallum, and P. Klavins, Phys. Rev. Lett.
58, 1885 (1987).

'5K. N. Yang, Y. Dallchaouch, J. M. Ferreira, B. W. Lee, J. J.
Neumeier, M. S. Torikachvili, H. Zhou, M. B. Maple, and
R. R. Hake, Solid State Commun. 63, 515 (1987).

' Y. Hidaka, Y. Enomoto, M. Suzuki, M. Oda, A. Katsui, and
T. Murakami, Jpn. J. Appl. Phys. 26, L726 (1987).

' Y. Iye, T. Tamegai, H. Takeya, and H. Takei, Jpn. J. Appl.
Phys. (to be published).

' T. R. Dinger, T. K. Worthington, W. J. Gallagher, and R. L.
Sandstrom, Phys. Rev. Lett. 58, 2687 (1987).

' Y. Hidaka, Y. Enomoto, M. Suzuki, M. Oda, and T. Mu-
rakami, Jpn. J. Appl. Phys. 26, L377 (1987).
T. Iwata, M. Hikita, K. Semba, and S. Tsurumi, Jpn. J. Appl.
Phys. 26, L647 (1987).
D. E. Prober, R. E. Schwall, and M. R. Beasley, Phys. Rev. B
21, 2717 (1980).
N. R. Werthamer, E. Helffand, and P. C. Hohenberg, Phys.
Rev. 147, 295 (1966).
T. P. Orlando, K. A. Delin, S. Foner, E. J. Mcniff, Jr. , J. M.
Tarascon, L. H. Greene, W. R. McKinnon, and G. H. Hull,
Phys. Rev. B 35, 7249 (1987).

24K. Noto, H. Morita, K. Watanabe, Y. Murakami,
H. Fujimori, N. Kobayashi, and Y. Muto, Jpn. J. Appl. Phys.
26, L802 (1987).
K. Okuda, S. Noguchi, A. Yamaguchi, K. Sugiyama, and
M. Date, Jpn. J. Appl. Phys. 26, L822 (1987).
L. F. Mattheiss and D. R. Hamann, Solid State Commun. 63,
395 (1987).
S. Massidda, J. Yu, A. J. Freeman, and D. D. Koelling, Phys.
Lett. A 122, 198 (1987).
F. Izumi, H. Asano, T. Ishigaki, E. Takayama-Muromachi,
Y. Uchida, N. Watanabe, and T. Nishikawa, Jpn. J. Appl.
Phys. 26, L649 (1987).
D. B. Mitzi, A. F. Marshall, J. Z. Sun, D. J. Welb, M. R.
Beasley, T. H. Geballe, and A. Kapitulnik (unpublished).
K. Semba, H. Suzuki, A. Katsui, Y. Hidaka, M. Hikita, and
S. Tsurumi, Jpn. J. Appl. Phys. (to be published).

3'P. B. Allen, in Superconductivity in d and f band M-etals, -

edited by H. Suhl and M. B. Maple (Academic, New York,
1980), p. 291.

3zP. A. Lee and N. Read, Phys. Rev. Lett. 58, 1691 (1987).




