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The low-temperature specific heat has been measured on both orthorhombic (superconducting)
and tetragonal single crystals of YBa;Cu3O7-5. The Debye temperature extracted from the 73
term decreases with increasing oxygen vacancy concentration consistent with glassy behavior in
disordered solids. A linear yT term, however, exists for both phases. It is proposed that this term
is at least in part electronic, even in the superconducting state, and is due to extended or localized

states at the Fermi energy.

Although several workers have studied the low-
temperature specific heat of ceramic forms of the
YBa;Cu307—5 (1:2:3) high-T, superconductors,'™ to the
best of our knowledge there exist no published data on sin-
gle crystals of these materials.> From the data collected
so far, it is clear that a low-temperature linear contribu-
tion is found in all cases. This fact is evidence against
simple theories for superconductivity, in which an energy
gap exists for all directions of k space. Alternatively, it
may be the consequence of coexisting, noninteracting, su-
perconducting, and normal bands. This paper presents
low-temperature specific-heat measurements between ap-
proximately 2 and 10 K on a mosaic of 21 small single
crystals® of (1:2:3) having a total mass of about 1 mg.
Measurements were carried out both in the orthorhombic
superconducting state (0 < & <0.3) and in the tetragonal
insulating state (0.6 $550.8) (Ref. 7) accomplished by
heating the samgle at 600°C for a total of 120 h in a vac-
uum of 7x107" Torr. Comparison of the specific-heat
measurements on the same single crystals addresses the
effects due to oxygen concentration.

The results presented in this paper demonstrate that the
specific heat has a large linear term both in the supercon-
ducting (y~9 mJ/molK?) and insulating forms (5<y
=<9 mJ/molK?) of (1:2:3). Furthermore, the Debye
temperature O, extracted from the cubic term, decreases
in the tetragonal phase implying a softening of the pho-
nons in this more disordered state.

The specific heat was measured using a thermal relaxa-
tion technique, first described by Forgan and Nedjat,?
which gives valid results as long as the thermal diffusion
times characteristic of the sample and between sample
and bolometer are short compared to the measured relax-
ation times. To test the accuracy of the technique a 1.8
mg Cu sample, whose specific heat per gram at low tem-
perature is comparable to that of the superconductor, was
measured between 1.8 and 13 K. A three-parameter fit of
the form C=A,T+A,T3+ A3T" yields the following
values for 4;, with Cin J/molK: 4, =6.43x1074(7.6),
A;=575x1075(20), and A4; =-—9.86x1072(22),
where the number in parentheses is the percentage devia-
tion from Ahler’s results.® With A4;=y and
A;=1944r/03, where r is the number of atoms/molecule,
we therefore estimate the error in this microcalorimetric
measurement to be of order % 15% for both y and ©, the
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two quantities of interest for this paper. It should be not-
ed that superconductors, with their inherent low thermal
conductivity, K, are normally difficult to measure with this
dynamic technique.'® In the present experiment, however,
these difficulties are alleviated in part by an anomalous
contribution to K,!! as well as the small mass of the indi-
vidual crystals. Furthermore, the platelet morphology®
maximizes coupling between sample and bolometer.

The crystal mosaic was either mounted directly on a
commercial RuO; thick film resistor!? with N grease, or
onto a 7.6x10 ~3-cm-thick single-crystal sapphire chip
which was then placed on the bolometer. Since the exper-
iment requires the subtraction of a background run from
the data including the sample, these mounting procedures
yield two independent measurements of the sample and
afford an internal consistency check for the results.

The specific heat C of (1:2:3) plotted in the form C/T vs
T? in both the oxygenated and vacuum annealed state is
shown in Fig. 1. The lines through the three curves are
polynomial fits of the form C/T =A,+A,T*+A3T*, with
the values given in Table I where C is the J/mol K.
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FIG. 1. Molar specific heat of YBa;Cu307-5 divided by tem-
perature as a function of temperature squared. The three curves
represent the original single-crystal mosaic and the tetragonal
form after two stages of vacuum anneal.

3762 © 1988 The American Physical Society



LOW-TEMPERATURE SPECIFIC HEAT OF SINGLE-CRYSTAL . ..

RAPID COMMUNICATIONS

3763

TABLE 1. Properties of single-crystal YBa;CuiO7-5. A; are the coefficients of polynomial fits of the
form C/T = A+ A2T*+ A3T* through the data of Fig. 1, with Cin J/mol K.

Mass
Structure (mg) é A=y Ax® 73 A T. (K)
Orthorhombic 1.5 0<650.3 0.009 37%1073 1.3x10°¢ 89
Tetragonal (32 h
vac. anneal) 1.1 0.6<850.8 0.009 87x1073 7.6x1077 <2
Tetragonal (120 h
vac. anneal) 1.0 0.65650.8 0.005 71x1073 2.8x107¢ <2

The most striking observation is the presence of a large
linear term in both the orthorhombic and tetragonal
phases. y=9 mJ/molK?, does not change, within the ac-
curacy of this experiment, between the virgin and the ini-
tial vacuum annealed state, and remains large, 5
mJ/molK?, even after a total annealing time of 120 h.
The absolute accuracy of the measurements for the an-
nealed sample is considerably poorer than =+ 15%, be-
cause one-third of the mass was lost in the processing
steps. It should also be noted that the slope A4, increases
dramatically, implying a change in © from 410 to 300 K,
well outside the range of the estimated error. The data for
the superconducting orthorhombic sample may be com-
pared to the ceramic data of Phillips et al.! who obtain
C/T =0.0071+0.000327'24+0.8x10 ¢T* and who esti-
mate ©=430 K. Our value is also in good agreement
with the estimates of Inderhees, Salamon, Friedmann, and
Ginsberg'? of © = 440 K. This lends further credence to
our measurements technique, since the lattice term is not
expected to vary substantially between single crystals and
ceramics.

To determine the effect of the vacuum anneal on the su-
perconducting properties the magnetic susceptibility was
measured in both phases. Figure 2 summarizes the re-
sults, all measured in an applied field of H=14 Oe.
Curve 1 represents the zero-field-cooled susceptibility
which measures, below the transition temperature 7. ~89
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FIG. 2. Magnetization of YBa;Cu30-;s as a function of tem-
perature in an applied field H =14 Oe. Curve 1 is zero-field
cooled, curve 2 the field-cooled data for the orthorhombic mosa-
ic. Curve 3 is the zero-field-cooled data for the tetragonal
phase.

K, the diamagnetic shielding of the superconductor. The
apparent steps and broadness of the transition is attribut-
ed to a spread in oxygen concentration of the crystals in
the mosaic. Curve 2 is the field-cooled susceptibility and
measures the Meissner effect (flux exclusion) in the super-
conductor, approximately a 10% effect, most likely due to
flux pinning sites of unknown origin. Curve 3 shows the
zero-field-cooled susceptibility of the vacuum-annealed
sample. It is seen that the signal has been reduced by
about two orders of magnitude and that no obvious di-
amagnetic transition can be determined from the data.
Apparently the material has been converted to the normal
state. Although the crystals were too small to attempt
transport measurements, equivalent vacuum annealing of
ceramic material indicates that the material is an insula-
tor.' Single-crystal x-ray measurements performed on
one single crystal from each of the phases completed the
characterization. The orthorhombic superconductor
lattice constants, in angstroms, are a=3.819(2), b
=3.891(2), c =11.746(4) whereas in the tetragonal form
a=b=3.853(2) and c =11.868(4).

It is tempting to discuss the specific-heat results as aris-
ing from glassy behavior. As Jorgensen et al.!> have
shown, the oxygens order along the b axis chains with a
fractional occupancy close to 1 in the nearly square planar
Cu-O4-, units of the orthorhombic structure. In the
tetragonal phase for § ~0.5, however, the fractional occu-
pancy of the oxygen sites is 0.25 along the equivalent a
and b axes leading to a highly disordered two-dimensional
Cu-O network. The observed softening of the lattice
(small ©) is consistent with this idea and has been docu-
mented in many crystalline solids containing defects. '®
The decrease in the linear term, however, has an upper
limit of order 50%, and it must be concluded that a large
density of low-energy excitations (constant in energy) ex-
ists in both phases. Although disorder may contribute to
the value y=9 mJ/mol K2=87x10 "¢ J/em? K2, it is un-
likely to explain the effect since 7y is expected to increase
in the tetragonal phase. Furthermore, values for typical
insulatin; glasses, such as vitreous silica (y~1x107¢
J/cm3K?) and alumina (y~10x107% J/cm3K?) (Ref.
17) as well as amorphous superconductors such as
Zro7Pdo3 (y~8%107° J/cm3K?) (Ref. 18) are between
one and two orders of magnitude smaller. Nor can the y
be explained in terms of twinning in the orthorhombic
phase, since it is also present in the tetragonal form of the
compound. We have recently become aware of antiferro-
magnetic order in the insulating phase of (1:2:3) (Ref.
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19). This would, however, normally not lead to a linear
term in the specific heat.?® The possibility of two phases,
i.e., a superconductive skin covering a normal or insulat-
ing crystal, is also unlikely. First of all, x-ray analysis of
single crystals using Cu radiation, which probes at least 8
pm into the surface, yields an upper limit for the internal
variation in § =+ 0.06. Second, optical inspection of the
orthorhombic phase indicates that the domain structure in
the a-b plane is continuous throughout the crystal. Furth-
ermore, the low-temperature upturn in C(T)/T vs T?
found in ceramic samples was not observed in our crystals
down to approximately 2 K indicating that any presence
of second phase is small. 4!"2!

Based on the foregoing discussion, we suggest that most
of the y term is electronic in origin. For a conventional
superconducting state this assignment requires some gap-
less regions on the Fermi surface. The origin of the gap-
less regions is either due to non-S-state pairing or the ex-
istence of more than one band at the Fermi energy Er.
We are aware of the evidence a§ainst the former from
muon spin-relaxation (uSR) data®? and several reports of
leakage-free tunnel characteristics. It is clear, however,
that all known single-crystal and ceramic experiments on
these!™ and La-based oxides?> as well as on the
BaPb, —,Bi,O; superconductors24 show comparable vy
values, suggesting a common origin. The fact that y does
not change appreciably in going from the conducting to
the insulating state can be accounted for with an all elec-
tronic model. The specific heat of Si:P near the metal-
insulator phase transition varies only very weakly com-
pared to the conductivity, and shows a well-defined linear
term in the insulating state.”’ Furthermore, large yT
terms in nonstoichiometric vanadium bronzes, which are
hopping conductors, are well established.?® Finally, vari-
able range hopping transport of the form expl[(7o/T) /4]
has been observed in nonmetallic ceramic and single-
crystal forms of nonstoichiometric La;CuQ42% All
these results may be explained by a density-of-states gic-
ture analogous to that proposed for Gdi—,v:Ss,? a
Th;P4-type structure containing vacancies v in which the
carrier concentration is increased by filling of v by Gd
atoms. Basically, the material becomes conducting when
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the Fermi energy Er crosses a mobility edge E,, estab-
lished by the random potentials created by v. We propose
that defects (e.g., on the rare-earth site) and the oxygen
vacancies inherent in both the orthorhombic and tetrago-
nal structures'® play a similar role. A nonvanishing densi-
ty of electronic states at Ep, either localized
(EF—E,<0) or extended (Ef—E,>0) is a natural
consequence of this picture. Of course in the limit of
&6=1, the ordered state, this model does not apply. It is
also possible that the finite ¥ may indicate unconventional
superconductivity. For example, in the resonant valence
bond model, in addition to the superconducting bosons,
there are gapless uncharged fermions which yield a y
term. %

In summary, the low-temperature specific heat of single
crystals YBa,Cu30O7-5 in the orthorhombic, supercon-
ducting, and tetragonal state has been measured. The
slope of the T3 term increases with oxygen disorder con-
sistent with a softening of the phonon spectrum in glassy
materials. The yT term, however, remains finite and
large. It is proposed that this term is at least in part elec-
tronic in origin, even in the superconducting state, and is
due to states at the Fermi energy.

Note added in proof. A 7y of about 4 mJ/molK? has
been observed for ceramic samples of La; -,Ba,CuQOy in
the superconducting phase for x > 0.05 and for a nonsu-
perconducting sample at x =0.04. For x <0.025 the sam-
ples are antiferromagnetic and no y is observed.’! The
implication of this work is that the finite y is intrinsic.
The rapid change in y from zero to a finite nearly constant
value is inconsistent with either a two-level system or im-
purities.
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