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Impurity scattering effects on the low-temperature specific heat ofd-wave superconductors
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Recently, impurity scattering effects on quasiparticles ind-wave superconductors have attracted much at-
tention. In particular, the thermodynamic properties in magnetic fields are of interest. We have measured the
low-temperature specific heatC(T,H) of La1.78Sr0.22Cu12xNixO4. The impurity scattering effects onC(T,H)
of cuprate superconductors were clearly observed and are compared with the theory ofd-wave superconduc-
tivity. It is found that impurity scattering leads to the relationg(H)5g(0)@11D(H/Hc2)ln(Hc2 /H)# in small
magnetic fields. Surprisingly, the scaling ofC(T,H) is broken down by impurity scattering.
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Tunneling and angle-resolved photoemission spect
copy experiments, which are sensitive to either the interf
of the junction or the surface of the sample, have sugge
dominantd-wave pairing symmetry in hole-doped cupra
superconductors.1,2 In addition, the low-temperature specifi
heat~C! is thought to be one of the best indicators ofd-wave
pairing among the bulk properties. TheT2 temperature de-
pendence of the electronic term inC at zero magnetic field
H50 and theH1/2 dependence of the linear-term coefficie
g have been interpreted as strong evidence for linear no
of the order parameter.3–12 Very recently, the scaling behav
ior of the electronic specific heat contributionCe(T,H) has
been predicted theoretically13,14 and confirmed by experi
ments.5,9–11However, several papers have reported that n
linear H dependence ofg was also observed in convention
superconductors,15,16 and raised the question whether t
H1/2 dependence ofg is indeed due tod-wave pairing. In
addition, although most studies ofC(T,H) in cuprates agree
on theH1/2 dependence ofg, controversy remains about th
existence of theT2 term atH50. Chenet al. have presented
data showing clear evidence of theT2 term in
La1.78Sr0.22CuO4 and the disappearance of thisT2 term in a
magnetic field, both consistent with the predictions
d-wave superconductivity.5 Nevertheless, in other work, e
ther evidence of theT2 term was ambiguous or it had to b
identified through sophisticated fits.6–10 These difficulties
makeC(T,H) studies of impurity-doped cuprate superco
ductors of particular interest. If the recently develop
theory17–19of the impurity scattering effects on quasipartic
excitation in cuprates could be verified byC(T,H) measure-
ments, it would strongly indicate that the observed proper
of C(T,H) are characteristic ofd-wave pairing. These stud
ies may also help to improve the theories of quasiparticle
cuprates. Furthermore, since a small impurity scattering
can cause disappearance of theT2 term, it is desirable to
know the magnetic field dependence ofC(T,H) in impurity-
doped cuprates. Comparisons betweenC(T,H) of the nomi-
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nally clean samples and of the impurity-doped ones m
have fruitful implications for the existing puzzles.

To serve these purposes, La1.78Sr0.22Cu12xNixO4 samples
were chosen for two main reasons. TheC of Ni-doped
samples has a much smaller magnetic contribution than
of Zn-doped samples, and the data analysis can be simpli
Moreover, La1.78Sr0.22CuO4 has been shown to be a clea
d-wave superconductor5 and is ideal to compare with th
Ni-doped samples. Polycrystalline samples
La1.78Sr0.22Cu12xNixO4 with nominal x50, 0.01, and 0.02
were carefully prepared from La2O3, SrCO3, and CuO pow-
ders of 99.999% purity. Details of the preparation have b
described elsewhere.5 The powder x-ray-diffraction pattern
of all samples used in the experiments show a singleT phase
with no detection of impurity phases. The transition tempe
tureTc from the midpoint of the resistivity drop is 28.7, 21.
and 17.4 K forx50, 0.01, and 0.02, respectively. The tra
sition width ~90–10 % from the resistivity drop! of Tc is 3 K
or less for all samples, suggesting a decent homogen
C(T) was measured from 0.6 to 9 K with a 3He thermal
relaxation calorimeter using the heat-pulse technique.
precision of the measurements in this temperature rang
about 1%. To test the calibration of the thermometer and
measurements inH, a copper sample was measured, and
scatter of data in different magnetic fields was about 3%
better. Details of the calorimeter calibration with the copp
sample can be found in Ref. 5.

The analysis ofC(T,H) was carried out for data from 0.6
to 7 K. Varying the temperature range to 8 or to 6 K does not
lead to any significant change of the results. Both individu
field and global fits have been executed and give sim
results and conclusion. In this paper, the results from
individual-field fit are reported. Data from all samples a
described by

C~T,H !5g~H !T1bT31nCS52~T,H !, ~1!

where bT3 is the phonon contribution andnCS52 is the
magnetic contribution of spin-2 paramagnetic centers~PC’s!
14 350 ©2000 The American Physical Society
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associated with CuO2 planes.20–22 Since
La1.78Sr0.22Cu12xNixO4 has only CuO2 planes and lacks CuO
chains, nCS52 was used rather than the convention
Schottky anomaly, which is thought to be related to C
chains.7,22 Phenomenologically, inclusion ofnCS52 also
yields a better fit than that of the Schottky anomaly.

C(T,0) of samples withx50, 0.01, and 0.02 is shown i
Fig. 1. Forx50, at zero fieldC/T vs T2 shows an obvious
downward curve at low temperatures due to theT2 term inC.
For x50.01, this downward curve becomes a straight l
except below 1 K where the magnetic contribution becom
important. An increase ing with increasingx can also be
recognized directly from data shown in Fig. 1. Both the d
appearance of theT2 term and the increase ing are consid-
ered to be manifestations of impurity scattering. The lo
temperature upturn inC/T at bothx50.01 and 0.02 can be
attributed tonCS52 as shown by the solid lines resultin
from a fit to Eq.~1!. To further show the quality of the fit in
a magnetic field,C(T,H) of x50.01 at low temperatures i
shown in Fig. 2~a! as an example, together with the sol
lines representing the fit of data to Eq.~1!. The results illus-
trate thatC(T,H) of La1.78Sr0.22Cu12xNixO4 can be satisfac-
torily described by Eq.~1!. The contribution ofnCS52 com-
pared with other terms is shown in Fig. 3. As expectedn
resulting from the fit does not change significantly withH,
but there is variation whenH>4 T as shown in Fig. 2~c!.
Similar results forn vs H were found in all three samples.
is likely that the effective Hamiltonian forCS52 in Ref. 20
results from experimental data withH,4 T,21 and is best
suited for low magnetic fields. From the low-field fitting re
sults, n for x50, 0.01, and 0.02 is about 0.3, 0.9, and 1
31024, respectively. The value ofn for x50 is taken from
a fit of the data inH and used in the fit atH50. The solid
line for x50 in Fig. 1 shows that the data can accommod
a smallnCS52 .

For a cleand-wave superconductor in a finite fieldH, an
increase ing is predicted to be proportional toH1/2 at low
temperatures, due to the Doppler shift on the quasipart

FIG. 1. C/T vs T2 of La1.78Sr0.22Cu12xNixO4 with x50, 0.01,
and 0.02 atH50. The solid lines are the results of the fit to Eq.~1!.
Inset: C/T vs T for T,2 K, where the contribution from theT2

term is apparent.
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energy.3,4 In the unitary limit, impurity scattering leads to a
modification of the density of states, and theH dependence
of g becomes17–19

g~H !5g~0!@11D~H/Hc2!ln~Hc2 /H !#, ~2!

whereD'D0/32G. D0 is the superconducting gap,G is the
impurity scattering rate, andHc2 is the upper critical field.
The unitary limit is widely considered as a good approxima
tion to the nature of the impurity scattering in cuprates, an

FIG. 2. ~a! C/T vs T2 of La1.78Sr0.22Cu0.99Ni0.01O4 in magnetic
fields. The solid lines are the results of the fit to Eq.~1!. For clarity,
only data inH50, 0.2, 1, 4, and 8 T are shown.~b! The concen-
tration n of the spin-2 PC’s from the fit.

FIG. 3. The components of C(T,H) of
La1.78Sr0.22Cu0.99Ni0.01O4.
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is supported by experimental evidence. To compareg(H) of
the clean sample with that of the Ni-doped ones,g vs H1/2 of
all samples is plotted in Fig. 4. Ifg has anH1/2 dependence
as expected in a clean sample, the data will follow a stra
line as represented by the dashed line in Fig. 4. Indeed,
for the sample withx50 indicate a clearH1/2 dependence o
g @Fig. 4~a!#. In Ni-doped samples, theH dependence ofg is
weaker than in the clean sample, and the data show a
nounced curvature for smallH @Figs. 4~b! and 4~c!#. This
behavior makes theg(H) of Ni-doped samples distinct from
that of the clean sample. Thus the effect of impurity scat
ing is evident. Actually,g(H) of both Ni-doped samples ca
be well described by Eq.~2! with reasonable parameters,
shown by the solid line in Figs. 4~b! and 4~c!. The fit gives
G/D050.020 and 0.025 forx50.01 and 0.02, respectively
with Hc2'38 T. An increase inG/D0 by a factor of 2 is
expected forx50.02 from the nominal doping concentratio
nevertheless, this small increase inG/D0 is in accord with a
less rapidTc suppression in thex50.02 sample. Further
more, as a result of the impurity scattering, the values

FIG. 4. Normalized g(H) vs H1/2 for three
La1.78Sr0.22Cu12xNixO4 samples. The solid lines are the results
the fit to Eq.~2!, which includes the impurity effects onC(T,H).
Dashed lines representg(H)}H1/2, expected in cleand-wave
superconductors. In~a! no solid line is presented since the fit
Eq. ~2! gives an unrealistic value ofHc2.1000 T. gn

512 mJ/mol K2 is the normal-stateg of the samples~Ref. 5!.
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g/gn corresponding to those ofG/D0 are in good agreemen
with the calculated values in Refs. 17 and 18 for both N
doped samples. On the other hand, an attempt to fitg(H) of
the clean sample with Eq.~2! has proven to be fruitless an
resulted in an unrealisticHc2.1000 T.

The most crucial test of the recent theory for ad-wave
superconductor with impurities probably lies in the brea
down of the scaling behavior ofCe(T,H)[C(T,H)2g(H
50)T2bT32nCS52 . For a cleand-wave superconductor
if Ce /(TH1/2) vs H1/2/T is plotted, all data at various value
of T andH should collapse onto one scaling line according
the recent scaling theory.13,14 This scaling ofCe(T,H) has
been observed in YBa2Cu3O72d and La12xSrxCuO4.

5,9–11As
shown in Fig. 5~a!, Ce(T,H) of La1.78Sr0.22CuO4 follows this
scaling. However, a recent theory predicts that strong im
rity scattering can cause breakdown of the scaling.17,23 This
dramatic effect is best illustrated in Figs. 5~b! and 5~c!. In
contrast to the scaling ofCe(T,H) of the clean sample, the
Ce(T,H) data of Ni-doped samples split into individual iso
thermal lines as predicted by the numerical calculations.17

FIG. 5. Plots of Ce /(TH1/2) vs H1/2/T for ~a! x50, ~b! x
50.01, and~c! x50.02. Note that the scaling which holds in~a!
breaks down in~b! and ~c! due to impurity scattering.
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The very theory also suggests that Eq.~2! is exact only in
fields H,H* where H* /Hc2'G/D0 .17,18 However, g(H)
should not deviate from Eq.~2! too much ifH is only slightly
larger thanH* .24 In the case ofH@H* , g(H) would mimic
the H1/2 behavior.18 With H* '1 T in the present experi-
ments,g(H) in Figs. 4~b! and 4~c! behaves exactly as is
expected. In smallH, the weak magnetic field dependence i
well described by Eq.~2!. In largeH, the data do not obey
Eq. ~1! as well as in smallH, and a distinction between Eq.
~2! and theH1/2 dependence is less easily made. Therefor
the less satisfactory fit in high fields merely reflects the lim
of Eq. ~2! as expected from the theory.

Experimentally,n of the spin-2 PC’s increases with the
doping concentrationx. However, it is unlikely that the mag-
netic contribution toC(T,H) comes directly from the Ni
ions sincen is two orders of magnitude smaller thanx. Re-
cently, it has been reported that the nominally magnetic N
ions do not disturb the spin correlation in CuO2 planes even
on Ni sites at smallx in overdoped cuprates.25 In bothC and
susceptibility~x! measurements, no paramagnetic contribu
tion from Ni was observed. TheC reported in this paper and
related preliminary studies onx are consistent with these
s

e,
it

i

-

results.26 The largernCS52 in the Ni-doped samples prob
ably comes from defects in the CuO2 planes, which are in-
duced by Ni substitution. On the other hand, Zn substitut
has strong effects onC ~andx!. The large magnetic contri
bution usually makes studies of impurity scattering effe
on C(T,H) inconclusive.27,28 More detailed studies are de
sirable on these properties ofC and x in Ni-or Zn-doped
cuprates.

In conclusion, impurity scattering effects onC(T,H) of
d-wave superconductors have been clearly identified. T
weakH dependence ofg(H) in small magnetic fields and th
breakdown of the scaling behavior ofCe(T,H) are both con-
sistent with predictions of recent theory. It is thus sugges
that the unconventional features observed inC(T,H) of ei-
ther clean or impurity-doped cuprate superconductors are
trinsic bulk properties ofd-wave superconductivity.
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