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The electrical resistivity p(T,x) (4 < T <300 K) and specific heat C(T,x) (0.3 <7 <15 K) have been
measured on single crystals of Y,_,Tb,Ba,Cu;0,. T, is 91 K and irrespective of Tb doping. However,
the T-linear slope of p(T,x) for T > T, increases rapidly with increasing x, and a fit of p(7,x) to 4 +BT
indicates that the Tb doping primarily alters the slope and much more weakly impacts on the T—0 in-
tercept. The results of the low-temperature C(T,x), on the other hand, show an anomalously enhanced
electron contribution to C(T), y. The enhancement of y, along with a large temperature-independent
magnetic susceptibility X, reported earlier, strongly suggests the appearance of strong f conduction-
electron hybridization. It becomes apparent that the Tb-doped system possesses properties that largely
deviate from the well-known behavior of the other high-T, and doped high-T, systems, thus standing out

as being anomalous.

In previous papers!~® we have presented preliminary

results of our earlier studies on magnetic and transport
properties for Tb-doped YBa,Cu;0, (YBCO) single crys-
tals and epitaxial thin films. These studies have revealed
a wide range of unusual properties, which largely deviate
from the well-known behavior of the other doped high-T,
cuprates. In particular, the superconducting transition
temperature T, is insensitive to Tb doping which is unex-
pected in that Tb, like Ce and Pr, is known to show
mixed-valent behavior in many oxide systems and other
compounds and, like Ce, does not form in the
TbBa,Cu;0, structure. The insensitivity of 7, to Tb
doping is, thus, in sharp contrast to the cases of Pr and
Ce doping which have been shown to be very deleterious
to the superconductivity. In addition, the magnetic sus-
ceptibility x(T,H) for Y,_,Tb,Ba,Cu;0, is extremely
anisotropic, and this anisotropy cannot be explained by
simple models including only single-ion crystal electric-
field effects (CEF). x(T,H) for Y,_,Tb,Ba,Cu;0, also
displays a large temperature-independent contribution
which scales with Tb concentration similar to that re-
ported for Y,_,Pr,Ba,Cu;0,. Finally, a rapid increase
in the linear-T slope of p(T,x) with Tb doping is observed
for the epitaxial thin films and single crystals. This
feature coupled with the independence of T, on Tb dop-
ing is puzzling since many of the models proposed to ex-
plain the linear-T" dependence of p(T) are based on exci-
tations which also mediate the pairing.

In view of these striking features, it is clear that this
system indeed differs markedly from the other doped cu-
prates, and further understanding of how the 4f electron
hybridize with other states and the impact of this hybrid-
ization on current models of the physical properties of
these unconventional superconductors may provide some
valuable insight into various theories related to these sys-
tems and superconductivity.
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In this paper, we report data on the concentration
dependence of p(T,x) and C(T,x) obtained on a series of
single crystals of Y,;_,Tb,Ba,Cu;0,; (0=x =0.4) and
compared these results to the behavior previously report-
ed for the Pr- and Zn-doped YBCO and for the Tb-doped
YBCO epitaxial thin films.

The single crystals used in this study were grown using
standard flux methods* and characterized by x-ray
diffraction, scanning-electron microscopy, and energy-
dispersive x-ray analysis. These studies have confirmed
that the crystals are of high quality with Tb ions uniform-
ly distributed throughout the crystals. All the crystals
were oxygen annealed at 450 °C in a high-pressure oxygen
furnace and after annealing had sharp superconducting
transitions at 91 K. The typical size of the crystals is of
the order 1.5X1.5X0.2 mm®. The electrical resistivity
was measured using standard four-probe techniques and
the Montgomery method, the magnetization was mea-
sured using a commercial superconducting quantum in-
terference device magnetometer, and the specific heat was
performed using a time constant method.

The p,,(T,x) for Y,_,Tb, Ba,Cu;0; single crystals is
shown in Fig. 1(a) for x=0.1, and 0.32. The substitution
of Tb for Y apparently has little impact on 7. (91 K), and
T, for all x is sharp with AT <1.2 K. While p,, (T, x) for
all x displays a characteristic linear-7" behavior, i.e.,
p(T)= A +BT for T > T, [above ~200 K for x=0.30, a
slight departure of the data from a straight line is noted,
however, to the first-order approximation, the linearity of
p(T) above T, is still well preserved], it is uncharacteris-
tic for the slope of the normal-state resistivity to increase
rapidly with Tb concentration x. This phenomena is also
observed on epitaxial thin films of this system, p(T) for
the Tb-doped YBCO films is shown in Fig. 1(b) for
x=0.1, 0.25, and 0.5. A fit of p,,(T,x) to A(x)+B(x)T
shows that the Tb doping primarily alters the slope and
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FIG. 1. The resistivity p(T) vs temperature for
Y,-,Tb,Ba,Cu;0; single crystals with x=0.10, and 0.32 (a) and
epitaxial thin films with x=0.1, 0.25, and 0.50 (b) the reduced
resistivity p(T)/p(250 K) vs temperature for the epitaxial thin
films (c).

much more weakly impacts on the T—O0 intercept, i.e.,
B(x)=dp/dT changes by 300%, whereas A (x) changes
by 100% in comparing A (x)+B(x)T for x=0.1 and
x=0.50. This is evident in a plot of a reduced resistivity
Pab(T)/pap (250 K) vs temperature for various x [see Fig.
1(c)] where an approximately universal curve is seen,
reflecting a common reduced slope. Such behavior is also
illustrated in Fig. 2, where 4 (x) and B (x) vs x are plot-
ted for both the Tb-doped single crystals and epitaxial
thin films. As shown, B (x) for both the crystals and the
films increases with x in a similar fashion [Fig. 2(a)]
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FIG. 2. (a B(x) vs x and (b) A(x) vs x for

Y,-,Tb,Ba,Cu;0; where p(T)= A4 (x)+ B (x)T.
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FIG. 3. The resistivity p(T) vs temperature for the epitaxial
thin films of Y, _, Pr, Ba,Cu;0, (a) and YBa,(Cu,_,Zn, );0; (b).

whereas the normalized change in A4 (x) with Tb doping
is much weaker, [Fig. 2(b)], i.e., 4 (x) increasing (de-
creasing) slightly with doping for the single crystals (thin
films). Although the value of B(x) and A (x) for the
crystals and films are not exactly the same, the differences
between the single crystals and epitaxial thin films shown
in Fig. 2 may be a reflection of the differences in mor-
phology between the thin films, which are c-axis-oriented
crystals, and the untwinned single crystals. Neverthe-
less, the data suggests that the scattering mechanism for
carrier transport in the CuO, planes leading to the
linear-T' dependence is dependent on Tb doping,
reflecting a systematic change of the scattering rate
and/or effective mass of carriers. This coupled with the
independence of T, on Tb doping is puzzling. Many of
the models proposed to explain the linear-7 dependence
of p(T) are based on phonons, spins or other excitations
that also mediate the pairing. The behavior described
above should be contrasted with p(7,x) for Pr- and Zn-
doped YBCO. Shown in Figs. 3(a) and 3(b) is p(T,x) for
Pr- and Zn-doped YBCO thin films, respectively. Both
Pr and Zn doping in YBCO tends to increase the
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FIG. 4. The specific heat C(T) vs T for a

Yo.6sTbo. 32Ba,Cu;0; single crystal. Inset: C(T)/Tvs T2

temperature-independent contribution to p(T,x), i.e.,
A(x) in p(T,x)=A(x)+B(x)T with B(x) remaining
essentially unchanged.

These differences between Tb- and Pr-doped YBCO be-
come more interesting after comparing the low-
temperature specific heat C(T) for these systems. There
are several types of excitations which may con-
tribute to the measured C(7). In particular,
c(1) =C(T)+C oy (T)F+C oy (T)+C, (T)+ Cy(T),
where C,(T)=yT) is the electronic contribution,
Con(T)(=BT?) is the phonon term, Cou(T)N(~T?)
represents a contribution due to a Schottky anomaly re-
sulting from a multileveled system, C,,(T) and C(T) are
due to magnetic ordering and spin or magnetic fluctua-
tions, respectively.

Shown in Fig. 4is C(T) vs T (0.3=T =17 K) for a sin-
gle crystal with x=0.32 and mass of 3.3 mg. There are
atypical features displayed by this data. The rapid up-
turn for T <1 K, which becomes more evident in a plot
of C/T vs T? (see the inset of Fig. 4), may correspond to
a Schottky contribution, which is reportedly seen but rel-
atively weaker in the YBCO and the Pr-doped YBCO
(Ref. 6) or due to 4 f-electron correlations with a very low
characteristic energy scale. The origin of the broad max-
imum near 7=2 K is unknown and appears not to be
magnetic ordering based on the results of magnetic sus-
ceptibility.? Interestingly, this maximum resembles ones
found in the heavy-fermion superconductors CeCu,Si,
and UBe,;, incidently also occurring in the vicinity of 2
K, and so far there is no accounting for these anomalies.
Measurements of the specific heat in magnetic field which
are being pursued may help address this issue.

The major feature of the data is a large enhancement of
the electron specific-heat coefficient y. Fitting the C(T)
for 4<7T <10 K to an electron and phonon contribution,
i, yT+PBT? leads to the value of y=~180
mJ/mol Tb K2 (see the inset of Fig. 4). This value of y is
extraordinarily large when compared to typical values of
metals (< ~7 mJ/mol K?* for YBCO, for instance) and
comparable with y values obtained for Pr-doped YBCO,
i.e., ¥=~200 mJ/mol PrK? which has been known to
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FIG. 5. C(TODT?* vs T? for x=0.10 and 0.32 for

Y,_,Tb,Ba,Cu;0,.

show heavy-fermion-like behavior.®” The magnitude of
the temperature-independent contribution to magnetic
susceptibility x(T), xo(H||c), is also found to be unusually
large (~3.5X 1073 emu/mol Tb) (Refs. 1-3) when com-
pared to that typically reported for the rest of the cuprate
oxides, €.g., Xpaui =10 >~10"* emu/mole for YBCO. In
fact, the Wilson ratio (x,/7 in units of 3u% /m*k}) is, ap-
proximately, 4. This parallel increases in both ¥ and x,
for Tb-doped YBCO is characteristic of strong 4f-
electron hybridization and is similar to that reported for
Pr-doped YBCO.

Extending the above analysis, without considering
Schottky contributions to C(T), might be controversial.
Analyses of the low-temperature C(T) data for x=0.1,
and 0.32 of the interval 0.3=7<0.9 K and including
just the yT term and a T2 Schottky term were per-
formed. It is worth mentioning that an extrapolation of
the higher-temperature (4 <7 <10 K) phonon contribu-
tion (8=0.2 mJ/mol K*) indicates that Cohonon at T=1
K is less than 1% of the measured C(T=1 K), C jpsnon 1S,
thus, totally negligible. As shown in Fig. 5, the y value is
represented by the x-proportional slope which corre-
sponds to ¥ ~720 and 760 mJ/mol Tb K? for x=0.1 and
0.32, respectively. Yet above ~0.80 K for x=0.32 the
data slightly deviate from a straight line, however, this
should not invalidate the assumption (which is evident in
Fig. 5 especially in lower temperatures), i.e., in the
lower-temperature region the y7T term and the T 2
Schottky term are dominant, and, thus, results from such
analyses are believed to be justifiable. The linear depen-
dence displayed in Fig. 5 indicates that ¢ has saturated
and is T independent within T-range analyzed here.
These ¥ values obtained are substantially larger than that
defined above and may reflect a 7-dependent ¥ value in-
dicative of a low characteristic energy scale. In fact, such
a strong temperature dependence of ¥y at low tempera-
tures is a common feature of many heavy-fermion sys-
tems, and is a striking contrast to the temperature-
independent y usually observed in an ordinary metal. At
the present time, with so many possible contributions to
C(T) at low temperatures, it may not be easy to unam-
biguously separate these various contributions to C(T)
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without additional data including C(T) measurements in
magnetic fields where the Schottky or hyperfine and mag-
netic ordering contributions could be more clearly
defined. However, it is unlikely that any specific-heat
contribution other than an electron contribution to C(T)
could be responsible for the large ¢ values obtained above
for either the 4=<T <10 K or 0.3=T7 =0.9 K intervals.
Actually, contributions from the magnetic ordering due
to Tb ions, if any, could be very small. For BaTbO;, for
example, which antiferromagnetically orders at 34 K, the
magnetic ordering contributions to C(7) obtained from
the temperature range of 1.5<T =<5 K are less than 10
mJ/mole K2*% In addition, there is preliminary evi-
dence that the Tb-doped YBCO with x=0.32 magnetical-
ly orders in the vicinity of 7=~ 16 K, i.e., at much higher
temperatures compared to the T interval used in the
analysis presented here.??

Indeed, regardless of the ultimate resolution of the y
value, it is clear that the electron specific-heat coefficient
v is highly enhanced and extraordinarily large compared
with those typical of ordinary metallic systems. Such
behavior is reflective of strong hybridization of 4f elec-
trons with charge carriers near the Fermi surface in the
Tb-doped system. Similar values of ¥ and Y, in the Pr-
doped YBCO have been reported.>%’ However, it is by
no means plausible to assume that the same hybridization
mechanism(s) is operative in these two systems, otherwise
it would be difficult to simultaneously explain the similar-
ities in the impurity concentration dependence of x, and
v and at the same time address the difference in the con-
centration dependence of T.(x) and p(T) behavior re-
ported for these systems.

In general, the slope and magnitude of p(T) are sensi-
tive to a weighed average over the excitations spectrum
of the electron-excitation interactions and similarly, T,
depends on a different spectral weight. Based on theories
of spin fluctuations, > for instance, which are favored by a
number of experimental results, T, is directly proportion-
al to the value of the spin-fluctuation frequency wgp(T,),
which determines the range of energies over which the
spin-fluctuation-induced interaction is effective, and
strongly impacting on the slope of p(T) as well as on T.
It has been claimed that a 10% change in wgg(T,) results
in a 20% change in the slope of p(T).> The differences in

the experimental data for Zn-, Pr-, and Tb-doped YBCO
presented here may suggest an unique 4 f-electron hybrid-
ization for Tb-doped YBCO which leads to the anoma-
lous behavior, and is not evident in Pr-doped YBCO. For
example, a very qualitative understanding of this
difference is evident in the spatial extent of the 4f-
electron ground-state wave function for Pr and Tb in the
nearly cubic nearest- and next-nearest-neighbor CEF en-
vironment in YBCO. The spatial wave function for Pr
favors strong 4f hybridization with the O orbitals
whereas Tb may slightly favor hybridization with the Cu
d orbitals. This subtle difference in the hybridization is
consistent with the fact that the thermodynamic quanti-
ties, e.g., x¥(T) and C(T), are qualitatively similar for Pr
and Tb, whereas the transport and 7, are markedly
different. It is not unreasonable to expect such similari-
ties and differences if Pr strongly hybridizes with the oxy-
gen p holes which from Hall-effect measurements are the
primary carriers in the Cu-O planes and Tb hybridizes
with the Cu d electrons.

This study has led to a wide range of unusual observa-
tions concerning the role of Tb in YBCO. The results of
electrical resistivity seem to suggest an unconventional
scattering mechanism for carrier transport in CuO planes
that is dependent on the Tb doping to which T,, howev-
er, is insensitive. The heavy-fermion behavior indicated
by the results of the specific heat is, on the other hand,
reflective of an enhanced hybridization that is absent in
other cuprates, and very likely to be responsible for all
observations which largely deviate from well-known com-
mon features of the other cuprates. The strong Tb con-
centration dependence on the dp(T)/dT, i.e., the slope of
the T-linear resistivity for T'> T, along with indepen-
dence of T, on Tb doping, appears to be inconsistent with
most of the phonon and/or spin-excitation models® for
the normal and superconducting properties of high-T,
systems.
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