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The low temperature heat capacity measurements on LSCO samples containing Zn impurities have

been performed by means of pulsed differential calorimetry technique. The interpretation of the Zn-

concentration dependence of the residual y-coefficient in the linear temperature part of C,(T) at

T << T, is consistent with a model based on the assumption of the d-wave symmetry of the order

parameter of these superconducting copper oxides.

PACS: 74.72.Dn, 74.25.Bt

1. Introduction

A great deal of effort has been applied to estab-
lish the symmetry properties of the ordered super-
conducting states of high-T', cuprates. In contrast to
the superfluid phases of liquid 3He, for which the
symmetries of the order parameters were established
almost immediately after their discovery, the sym-
metry properties of the ordered states of high-T,
superconductors are still under debate after ten
years of considerable experimental and theoretical
activity. What is, however, now firmly established
is that the Cooper pairs in high-T, cuprates are in a
spin-singlet state, and the main focus has become
concentrated on the orbital structure of the order
parameter [1].

A considerable amount of information accumu-
lated during recent years has clearly shown that the
magnitude of the gap function |A(k)| of the high-T,
superconducting copper oxides is highly anisotropic
in k-space, but it is still necessary to explore the
behavior of its phase which distinguishes, in par-
ticular, the s-wave-like and the d-wave-like proper-
ties of the Cooper-pair wave functions. Accor-
dingly, phase-sensitive experiments on the order
parameter have acquired special importance and
among these the performance of Josephson-type
measurements has proved to be the most direct way

to establish the order parameter phase behavior.
During the last few years these experiments have
given valuable information about the orbital sym-
metry of A(k) in high-T superconductors [2] with
strong support for the proponents of the d xz_yz—type
behavior of the Cooper-pair wave-function, al-
though some controversy is still present, possibly
connected with distortion of the pure d-wave-like
order parameter near the crystal boundaries [3].

Among other order-parameter phase-sensitive
properties a response of the superconducting state
to pair-breaking scattering events on various point-
like defects, localized on the conducting CuO, pla-
nes of the high-T, superconducting cuprates, has
also proved to be of great value. In contrast to the
s-wave-like case the non-magnetic scattering centers
strongly destroy the ordered state with d 2y? SYM-
metry [4—7]. This fact is intimately connected to
the quantity [A(k)J— i.e., the average value of the
superconducting gap function across the Fermi sur-
face. In the case of Cooper pairing in the d 2y
channel, we have

A (k) = A(T) (cos ak, — cos aky) &D)

and [A(k)O=0. This property of the d-wave state
opens the way to a strong suppression of T, by
non-magnetic impurities (compare with Ref. 8) —
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an effect observed for various kinds of scattering
centers introduced into high-T', cuprates, including
those which are generated as a result of a radiation
damage [9].

Another important effect of non-magnetic scat-
tering centers on the properties of the d-wave
paired state is the gradual filling of quasiparticle
density of states near the Fermi level with increase
in concentration of impurities. The gap function
given by the Eq. (1) possesses nodes, A(k) =0,
along four lines on the cylindrical Fermi surface and
due to this property the density of states N rat the
Fermi level is zero in the pure limit with the infinite
quasiparticle mean free path. In the presence of an
impurity scattering (at a finite value of the mean-
free path I) the Fermi-level density of states N, # 0
and increases with a decrease of [, as has {Jeen
predicted in a number of theoretical investigations
[5—7]. These observations are in a sharp contrast
with what is expected in the case of an s-wave-like
Cooper pairing with [A(k)0# 0. This state may also
have very pronounced anisotropy in the (&, ky)
plane with a large difference between A . and
A .. . One can even imagine an s-wave-like state
with <«accidental» zeros A, = 0 along the same
nodal lines on the Fermi surface as in the d 2y
pairing case. This rather artificial (but instructive)
situation is described by a gap function with the
form

A(k) = A(T) |cos ak, — cos aky| 2)

which again has N IS 0 in the pure limit. In spite of
the similar magnitudes of the gap functions in
Egs. (1) and (2), the response to impurity scatter-
ing of a superconducting state with even symmetry,
corresponding to Eq. (2), is radically different from
what has just been described for the d ey state,
whose symmetry is odd. This happens because the
impurity scattering events probe the phase proper-
ties of the order parameter and the phases of the gap
functions given by Egs. (1) and (2) behave quite
differently. It can be shown [6,7] that, for a super-
conductor with an s-wave-like pairing described by
Eq. (2), instead of filling the quasiparticle states at
the Fermi level, a finite gap g, in the density of
states grows up as a result of impurity scattering. In
a more realistic s-wave-like case with A_. #0
the impurity scattering pushes the gap to a value
€ > Dy which simply means that in this case the
impurities tend to smear out any initial in-plane
anisotropy of the superconducting states. These
very different responses of superconductors with
conventional (s-wave-like) and unconventional (d-
wave-like) order parameters to the phase-sensitive
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impurity scattering events have proved to be a good
probe of the symmetry of the order parameter in the
high-T, cuprates.

A drastic difference in the quasiparticle spectral
density near the Fermi energy for impurity-contain-
ing s-wave-like and d-wave-like ordered states has
an immediate influence on the character of the low
temperature behavior of the specific heat of super-
conductors providing one more possibility of explor-
ing the symmetry properties of the high-T, copper
oxide systems [10,11]. Although heat capacity
measurements contain less direct information than
Josephson experiments, they probe bulk properties
of samples and are not sensitive to possible distor-
tions of the order-parameter symmetry near the
crystal boundaries.

2. Experimental method

We have performed low temperature heat capac-
ity measurements on a family of LSCO samples
doped with Zn by means of pulsed differential
calorimetry technique. When using a differential
method one measures the difference AC of the heat
capacities of the sample of interest and the reference
sample with known C(T). Continuous and pulsed
heating regimes can be used. The former method has
been successfully applied in recent investigations of
fundamental properties of a number of high-T', su-
perconductors (see, for example, Refs. 12,13). The
pulsed differential calorimeter designed by us [14]
combines the high sensitivity of the continuous
heating type differential calorimeter and the high
accuracy of a classical pulsed calorimeter.

The measuring unit consists of two identical cells
holding the sample of interest and the reference
sample. The cells are connected by means of a
thermal link so that before application of a heat
pulse of duration At, as well as after some relaxa-
tion time T >> Af, the two samples are in thermal
equilibrium. At all stages adiabatic conditions are
maintained.

The time evolution of the sample temperature is
given by the equations

t

1 ro.
Ty =T = o(tdt
e
t (3)
1 ro.
Tyt) =T, = o(tdt
2 -‘0
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where T,(0) =T,(0) =7, is an initial temperature
(before the heat pulse) and the heat-power input
Q =1V is supplied simultaneously to both samples
by means of an electric heater. From (3) it is seen
that

C,AT =IVAt - DO, CAT =IVAt+AQ,  (4)

29

where AT = Tf —-T, and AQ = KI oT(t)dt is an
0

amount of heat transferred between the samples
through the thermal link (with thermal conducti-

vity K) due to the temperature difference &T'(t)
present between the two thermal equilibrium states.
Finally, the measured heat capacity difference

AC = 2AQ /AT.

3. Low-temperature calorimetry
of La, Sr Cu,_ Zn O
—x x -y Ty 4

We have investigated a zinc-doped L.SCO series
of samples by carrying out accurate measurements
on their specific heats using our pulsed diffe-
rential calorimetry techniques. Six samples of
La,_Sr Cu,_,7Zn, O, were studied, all with an op-
timal level o ho]ye doping (x =0.16), and with Zn
concentrations of y = 0.00; 0.01; 0.02; 0.033; 0.045
and 0.06. The sample containing 6 at.% of Zn was
used as the reference sample since it was certainly
not a superconductor and, indeed, was in a metallic
state. The samples were fabricated by a standard
solid-state reaction in which the initial combination
of the constituent chemical compounds was done via
solid state mixing and then the samples were sin-
tered at a temperature of 1030 K while being sub-
jected to a high pressure. The resulting sample pill
was then ground up and the sinter process was
repeated again in the presence of a high pressure.
Subsequent measurements of the susceptibility
showed that the samples with Zn concentrations of
0.00, 0.01 and 0.02 had superconducting transition
temperatures of ~ 38 K, ~ 26 K and ~ 15 K, respec-
tively. The samples with concentrations of 0.033
and 0.045, on the other hand, displayed no su-
perconducting transitions for temperatures down to
4.2 K, which was the lowest temperature of our
susceptibility measurements.

In the results reported below, the differential
specific heat

AC(y, T) = C(y, T) - €(0.06, T) (5)

of the five samples with y = 0.00; 0.01; 0.02; 0.033
and 0.045 were measured over the temperature in-
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Fig. 1. Raw data for AC(y =0, 7). A pronounced peak is
clearly seen at T = 37 K.

terval 2-60 K, where the sample with the 0.06 Zn
concentration was being used as the reference sam-
ple. As an example, the raw data for the sample
which contained no zinc, AC(0, T), are presented in
Fig. 1 where a pronounced peak at the supercon-
ducting transition temperature, T, 037 K, for this
nominally pure sample ( = 0) is evident.

The specific heat difference AC can be repre-
sented as a sum of electronic and phonon contribu-
tions:

AC = ACy +AC,, . (6)

Since Zn is isoelectronic with the Cu for which it is
substituted, we may assume that the contribution
AC, will, in the normal state, depend only upon
the hole concentration x (and not upon y). This
contribution is a term which is linear in tempera-
ture, yyT, where y,; is the Sommerfeld coefficient,
and it is convenient to eliminate this contribution
from the measured values of the quantity AC(y, T),/T.
For the reference sample, in its metallic state, the
Sommerfeld coefficient yy; , which could be ob-
tained from the linear term in the specific heat, can
be considered to remain constant over the whole
temperature range and, therefore, for the sample
of consentration x= 0.16 we have put vy, =
=10 mJ /(molX?), in accordance with known re-
sults. Then, having settled upon this value for vy, ,
we are able to obtain values for the function
AC/T =NAC/T + Yy » Which are presented in Fig. 2
for the samples with concentrations y = 0.00, 0.01
and 0.02, and these clearly show the suppression
produced in the transition temperature T, by the
addition of Zn impurities.
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Fig. 2. Temperature dependence of AC/T = AC/T + yy for
three samples with Zn concentration y = 0.00; 0.01 and 0.02.

As was mentioned in the introduction, besides
the suppression of T, , the impurity scattering has
a profound influence on the low temperature
(I <<T,) properties of a superconducting state
with strong anisotropy of the gap function A(k)
especially in the case of an unconventional (singu-
lar) behavior of its phase (as for d-wave Cooper
pairing). In the low temperature domain AC /T can
be represented as

% =y(y) + OBT? (7)
where the residual y(y) should be zero for y = 0 in
the case of the d 2,2 symmetric order parameter
since Y(y) O N f(y) anczf N f(O) = 0 due to the nodes of
A(k) on the Fermi surface. The T2 term in (7), in
addition to the phonon contribution, is expected to
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Fig. 3. Plots of AC/T as a function of T2 in the low-tempera-
ture region (T < 8 K).
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Fig. 4. Dependence of y-coefficient on the Zn concentration.

have an electronic contribution in the case of a
d-wave like order parameter [5].

Having plotted AC/T as a function of T2, as
shown in Fig. 3, we are able to find Y(y) from the
intercepts on this graph. The dependence of y at low
temperatures on the Zn concentration is shown in
Fig. 4. It is seen that \(y) increases rapidly with y
and then levels out for y > 0.04. This behavior is
consistent with the earlier measurements [10,11]
which have been interpreted in terms of the d s
wave Cooper pairing model, predicting a gradual
filling of the density of states at the Fermi level.

We have to keep in mind that, according to the
d-wave pairing scenario, the temperature depend-
ence given by Eq. (7) is expected for temperatu-
res T <TH where TUis a disorder-dependent cros-
sover temperature. In the temperature range
TO<T<<T ., a term with a linear dependence on T
should appear in Eq. (7) due to a linear dependence
of the quasiparticle density of states on the excita-
tion energy € =|E - E| at low values for these
energies (V< & << A). Below T the impurity in-
duced deviation from this linear dependence takes
over [15]. In the case of a sample with no impurities
we should have y(0) =0 =T and a contribution
with a linear dependence on temperature should be
present for temperatures T <<T, (aC /T =aT +
+ ABphTz). We note that, according to our data,
y(0) # 0 (although it is rather small) indicating that
in our nominally pure sample (y = 0) there is some
amount of disorder and TU# 0. This could be the
cause of optimal hole doping where the 0O-coeffi-
cient is expected to be the smallest and THshould be
the largest at a given impurity scattering rate.

In conclusion, using pulsed differential calori-
metry technique we have confirmed that the scatte-
ring of quasiparticles on Zn impurities present in
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LSCO high-T, superconductor has a pronounced
influence on low-temperature thermodynamic pro-
perties. An interpretation of the Zn-concentration
dependence of the residual y-coefficient of the linear
temperature part of C(T) is consistent with a
model based on the assumption of the d-wave sym-
metry of the order parameter of these supercon-
ducting copper oxides.
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