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The magnetic properties of the superconductive materials HoBa,Cu3;O, and YBa,Cu3;O, have
been measured and compared. Both had superconductive transition temperatures 7, in low mag-
netic fields near 90 K and exhibited nearly complete magnetic-flux exclusion. The susceptibility
of the Ho-based material followed a Curie-Weiss law both above and below 7.. These results
give clear experimental evidence for a nearly complete decoupling of the magnetic and supercon-
ductive layers, demonstrating that the superconductivity is highly anisotropic.

INTRODUCTION

Since the report by Bednorz and Miiller! of supercon-
ductivity above 30 K, there has been an explosive growth
of activity in this area. To date, all of the materials pos-
sessing superconductive transition temperatures 7, > 30
K have been oxygen-deficient copper-oxide-based com-
pounds of the type Ry4,CuO;. Here A4 represents a di-
valent alkaline-earth element (Ba, Sr,...) and R is a
trivalent element, including Y, La, and the rare-earth ele-
ments. Structurally, the materials are based on modified
perovskites: The family of compounds? with T,=35 K,
typified by La;gsSrg;sCuQy4, have tetragonal unit cells
with a K,NiF, structure.>* Materials with higher T,.’s
=90 K (Ref. 5), such as Y;Ba,Cu;0,, are orthorhombic,
wherein the basal cell lengths a@ and b differ slightly.®
(Generically we refer to these as “1-2-3” compounds.) A
very important feature common to both sets of materials
is the presence of Cu-O sheets. In band-structure calcula-
tions” for K,NiF4-structured compounds, the essentially
two-dimensional (2D) character of the associated elec-
tronic states has been emphasized. Weber?® has attributed
additional importance to these states with the theoretical
result that quite strong electron-phonon coupling arises al-
most entirely from breathing mode oscillations in the lay-
ered Cu-O complex; coupling to the surrounding layers
containing trivalent species is virtually nonexistent.

If the important electronic states are indeed very
strongly localized in one direction, this will greatly modify
many material properties, both normal and superconduc-
tive. Furthermore, technical applications exploiting the
superconductivity may be quite seriously impacted. Thus
it is extremely important to obtain experimental evidence
for strong decoupling between Cu-O and R layers. The
first experimental indication of this came with the obser-
vation® that if trivalent rare-earth ions, e.g., Gd, Eu, etc.,
were substituted for nonmagnetic Y3%, the resulting *1-
2-3” materials were still superconductive with 7, values
near 90 K. Since local magnetic moments are normally
quite effective superconductive pair breakers, this obser-
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vation implies that the pairs effectively avoid the layers
containing rare-earth elements.

In this work, we provide much stronger experimental
evidence for strongly two-dimensional superconductive
layers in the ““1-2-3” materials. When substituted for Y,
the rare-earth ions retain their local moments and can be
readily magnetized by an applied magnetic field, even in
the superconductive state at temperatures well below T.,.
This is demonstrated by magnetization and magnetic sus-
ceptibility investigations of Ho;Ba;Cu3;O, between 4.2
and 290 K. Similar measurements on Y;Ba,;Cu;0, pro-
vide a baseline for comparison.

EXPERIMENTAL ASPECTS

The samples investigated were synthesized by reaction
and sintering of cold-pressed pellets. The resulting Ho-
based pellets were hard, relatively dense (p=5.4 g/cm?
obtained from sample geometry), and black; the Y-based
ones were also black, somewhat softer, with a lower rela-
tive density (p=3.7 g/cm?). To begin, appropriate
amounts of Ho,03;, BaCO;, and CuO powders were
thoroughly mixed and placed in an alumina boat in an at-
mosphere of flowing oxygen. The powder was fired at
895°C for about 20 h and then reground. The grinding
was accomplished by making a methanol-powder slurry
which was loaded into an automatic powderizing chamber
containing agate cylinders. After drying, the finely
ground powder was again refired at 895°C for 20 h. The
entire firing and grinding process was repeated three times
to ensure completely homogeneous powder. The prereact-
ed powder was cold pressed into 1.25 cm by 0.3-cm-thick
cylinders at a pressure of S00 bars and placed in a plati-
num boat in an atmosphere of flowing oxygen. The cold-
pressed pellets were heated at 2°C/min to 945 °C, held at
945°C for 16 h, cooled at 0.5°C/min to 500°C, after
which the furnace was turned off. Powder x-ray dif-
fraction analysis of the resulting ceramics indicated that
the material was single phase ( < 5% impurity phase) and
of the same structure as Y{Ba,Cu307.°
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The magnetic investigations were performed in a vibrat-
ing sample magnetometer equipped with a superconduc-
tive solenoid. Applied magnetic fields to 80 kOe were uti-
lized over a temperature range of 4.2-290 K. The field
was applied parallel to the long axis of the plate- or disk-
like samples in order to minimize demagnetizing effects.
Sample temperature was measured in zero field with a
calibrated Si diode (checked against liquid N, vapor pres-
sure) and controlled with a field-insensitive carbon glass
thermometer. In the superconductive state, data were ac-
quired as isothermal magnetization curves, while the
normal-state susceptibility was acquired by sweeping the
temperature in a constant magnetic field of 10.8 kOe.

EXPERIMENTAL RESULTS

The transition temperature 7, of the Ho;Ba,Cu;O0,
sample, measured magnetically, was 86.6 K (midpoint)
and 90.0 K when 90% in the normal state. The corre-
sponding values for the Y-based material were 88.0 and
91.5 K, respectively. After cooling to 4.2 K in zero mag-
netic field (ZFC), flux exclusion exceeding 90% of the
ideal Meissner diamagnetism was observed. This baseline
was used in determining the 7. value given above. As
shown in Fig. 1, the electrical resistivity p of the Ho-based
sample is metallic with a linear temperature dependence
initially. It decreases from 1000 to 400 u Q cm as the tem-
perature decreases from 295 to 100 K. Measured resis-
tively, the 7. midpoint is 91.5 K with zero resistivity at
90.2 K. The similarity of 7, values from the inductive on-
set (90.0 K) and zero resistivity measurements is indica-
tive of relatively high homogeneity for both the Ho- and
Y -based samples.

The magnetic susceptibility X of Y;Ba,Cu3O, is pre-
sented first so that the results can be used below. Figure 2
shows the cgs dimensionless (volume) susceptibility X
versus inverse temperature. (Note that the geometrical
volume, not that obtained from the x-ray density, has been
used.) The solid line in Fig. 2 has been fitted to the Curie
law relation

x=x%+C/T , 1)
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FIG. 1. The electrical resistivity p (in units of 10 ~* @ cm) vs
temperature 7 for Ho;Ba;Cu3O;. The midpoint of the super-
conductive transition is 91.6 K.
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FIG. 2. The cgs volume susceptibility X of Y;Ba,Cu3O; vs in-
verse temperature (1/7). The sample mass and volume are
0.2377 g and 0.064 cm?, respectively.

yielding a temperature-independent value Xo=7.78 x10 -7
(cgs) =1.39%10~"* cm3/mole. The Curie constant
C=Np*u}/3ks is 2.19%10 ™% K=391x10"2 Kcm?¥/
mole, where 1 mole refers to 6.02x1023 units of
Y;Ba,;Cu3Og¢9. If the temperature dependence is attribut-
ed solely to the copper, one obtains an effective moment
p=0.3up/Cu ion, in agreement with the determination of
Cava, Batlogg, and van Dover.®

We turn now to the results for the Ho-based material,
Ho;Ba,;Cu;0;. Since the Ho ions are expected to interact
strongly, we analyze X for 7> T, using the Curie-Weiss
relation

X=Xo+C/(T+8©) , (2)

where © is the Curie-Weiss temperature. (In this case, X
is extremely small relative to the temperature-dependent
Ho paramagnetism; we have therefore used the molar X,
value found for Y-based material, but this assumption
does not affect the following analysis.) Accordingly, Fig.
3 is a plot of 1/(X — o) vs T. The straight line per Eq. (2)
has been fitted to the data for the temperature interval
T > T., yielding ® =+ 13 K. From the slope, an effective
moment per Ho’*, p=I[g2/(J+1)]1"2 of 10.6up is ob-
tained, which is precisely that expected for a °Ig ion.

There is one feature in Fig. 3 which is extremely impor-
tant: The X data well below T, lie quite close to the
Curie-Weiss line obtained from the data above T.. Thus
the field-induced paramagnetism and superconductivity
(which is assured since the applied field is much smaller
than the upper critical field H,.,) are occurring quite in-
dependently of one another. Stated differently, this result
gives strong support to the idea discussed above that the
superconductive electron pairs are localized in sheets that
do not contain Ho ions.

Further evidence supporting this conclusion can be
found in low-temperature magnetization data, which show
a superposition of superconductive and high-field para-
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FIG. 3. The inverse of the temperature-dependent volume
susceptibility of 4 Ho1Ba,Cu30;, vs temperature 7. The Curie-
Weiss response is unaffected by the superconductive transition
near 90 K.
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magnetic behavior. Figures 4 and 5 are plots of the ir-
reversible magnetization of Ho;Ba,Cu3O, at 20 and 4.2
K, respectively, obtained in increasing and decreasing
magnetic field. There are several noteworthy features. As
the field is first increased, there is a low-field diamagnetic
peak typical of type-II superconductors. Also typical is
the hysteresis evident upon field reversal at 79 kOe. What
is quite unusual is that this superconductive magnetiza-
tion is superpositioned atop an enormous, saturating
paramagentism arising from the Ho ions. Because of
their interactions, however, the paramagnetic ions satu-
rate more slowly than predicted by a standard Brillouin
function B;(gugJH/kgT).

We can, to a first approximation, allow for the substan-
tial interaction strength by modifying the Brillouin func-

50.0

004
~50.0

--100.0

M (@)

-150.0

—200.0

—250.0 - ‘ — . i .
00 100 =200 300 400 500 600 700 80.0

H (kOe)

FIG. 4. The magnetization —M vs applied field H for
Ho;BasCu3;O; at T=20 K. Data are shown for increasing and
decreasing field. The broken line is a Brillouin function model-
ing at an effective temperature (7 +8,/) =31 K.
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FIG. 5. Magnetization (as Fig. 4) of Ho;Ba;Cu30, at T=4.2
K. The broken line is calculated using (T+8y) =15 K.

tion as suggested by the Curie-Weiss susceptibility. As a
model relation, we write

M(H,T)=M5a,Bj(gugJH/k3[T+8M]) R (3)

where ©,s should be similar in magnitude to the © value
obtained from the high-temperature susceptibility.

The results of this modeling can be seen in Figs. 4 and 5
as the dashed lines. For ©,s, a value of +11 K has been
chosen; this and all other values used (g =1.25, J=8) are
entirely consistent with the susceptibility data.

For the magnetization data at 20 K in Fig. 4, it is evi-
dent that the saturating Ho magnetism is described
reasonably well in this way. Use of the model with the
same Oy, value for data at 4.2 K gives less satisfactory
agreement; however, with 7 < ©),, and with most implicit
mathematical approximations violated, it is noteworthy
that this representation works as well as it does. In addi-
tion, very similar values for © and Q,,, 13, and 11 K, re-
spectively, have been obtained, which lends further
credence to the modeling.

The positive values for © and ©,,, simulating antifer-
romagnetism, are likely to arise from a combination of the
magnetic dipolar interaction and crystal-field effects,
which ultimately produce a singlet ground state in Ho>*.
For Ho ions in a nearly square planar array, the dipolar
interaction between two near neighbors is ~1 K.
Summed over neighbors, this alone becomes quite compa-
rable with the © values obtained, so dipolar interactions
must contribute very significantly to the difficulty of mag-
netizing the Ho moment system at low temperature.

In addition to paramagnetism of the Ho subsystem,
Figs. 4 and 5 also illustrate other superconductive
features: Most notable is the irreversible magnetization
associated with increasing versus decreasing magnetic
field. During the experiment, the field sweep was periodi-
cally stopped, which produced the vertical spikes on the
magnetization curves. This is attributed to flux creep in
the materials. From the irreversible magnetization, we
have calculated values for the critical current density J.
using the critical state model'° of superconductivity. For
Ho;Ba,Cu30, at 4.2 K, we obtain an approximately con-
stant J, of 5x10% A/cm? for 20 < H < 80 kOe. At 20 K,
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the corresponding value is 1.3x10% A/cm? A more com-
plete account of these results will be presented elsewhere.

In conclusion, we find from magnetization studies on
HoBa;Cu30, that the paramagnetic Ho subsystem and
superconductive layers are highly decoupled from one
another. Thus these materials constitute a highly aniso-
tropic class of superconductive compounds.

Note added. In band-structure calculations, Mattheiss
and Hamann (to be published) have found that the Y lay-
er “effectively forms an insulating tunneling barrier.”
This theoretical result is consistent with the deductions
from our experimental investigation and visa versa. Since
then, experimental studies at IBM Yorktown on uniaxial

thin films have revealed the presence of critical current
densities in the basal plane of Y;Ba,Cu3O, which are
much higher than in polycrystalline materials.
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