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Specific heat of Zn-doped YBaCu;Og o5: Possible evidence for Kondo screening
in the superconducting state
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The magnetic field dependence of the specific heat of Zn-doped single crystals ¢€%Ba o5 was
measured between 2 and 10 K and up to 8 T. Doping levels of 0, 0.15%, 0.31%, and 1% were studied and
compared. In particular we searched for the Schottky anomaly associated with the Zn-induced magnetic
moments.

Among systems for controlled studies of the effect of dis-moments may be partially screened below the spin gap and
order on the properties of cuprate superconductors, Zn-dopddlly screened deep in the superconducting $fdtethe cu-
YBa,Cu;0,_ 5 (YBCO) is a particularly interesting choice. prates. Recently, there has been some theoretical work done
Unlike most dopants, Zn substitutes for Cu on the planesconsidering the fact of a possible Kondo screening. In a con-
and causes significant changes to the local electronic strugentional swave superconductor, the Kondo effect is sup-
ture without much change of hole concentratfdn. the su-  pressed by the formation of the superconducting gap, as
perconducting state Zn substitution dramatically changeshown by Abrikosov and Gorko¥.In d-wave superconduct-
both the transition temperatdrand the temperature depen- ors, however, there are quasiparticles in the node lines that
dence of the low-temperature penetration déptMR and  could cause a Kondo screening. Indeed, Fradkin and Cas-
magnetization measurements in the normal state suggestednello recently calculated the thermodynamic properties of
that Zn induces a weak magnetic momgnt;=0.32 t0 0.36  d-wave superconductors with magnetic impuritiésThey
melZn for fully oxygenated crystals, and that this momentpredicted a screening mechanism analogous to the exchange
increases as the oxygen content decredSesn oxygen-  coupling between magnetic impurities and the electrons in a
reduced sampl@; ¢¢), Which exhibited a spin gap showed a Fermi liquid that causes the Kondo effect. In the clean limit,
moment of 0.8f5/Zn.® A model in which each Zn atom the Dirac-like quasiparticles and the magnetic impurity form
effects the local magnetic order of nearby copper atoms 08 singlet state. The screening is only effective above a criti-
the scale of the magnetic copper correlation len@thich 3| exchange coupling, because in contrast to the Kondo ef-
varies with6) explains the normal-state magnetic measurefect in metals, the density of states of normal quasiparticles
ments on this systernin the superconducting state, NMR i, 5 d.wave superconductor vanishes at the Fermi surface. In
measurements suggested that in Zn substituted YBCO thefgis |imit, the magnetic susceptibilty disappears superlin-
exists a finite electronic density of stal@OS) at the Fermi o,y ‘hence the effect can be considered as overscreening.

level® Early specific heat measuremehteemed to agree - - -
. . NN ; Observing the effect of a low concentration of Zn dopin
with this conclusion indicating increased DOS in the super- 9 ping

conducting state in Zn-substituted samples on the magnetic behavior of the cuprates in the supercon-
Simple valence counting suggests that if the Zn impuritydUCting stgte s practically impossible due to the strong Sig-
maintains a nominal G charge, the ZH would have a nal associated with the vortex state. However, applying a
' magnetic field will split the free Zn-induced moments into a

(3d)1% S=0 configuration and act as a nonmagnetic impu-

rity. Thus, it is important to understand whether a nonmag{Wo-level system and a Schottky anomaly should be apparent

netic impurity can induce a local moment on the surrounding” the low-temperature specific heat. In the present paper we
CW* sites. Early theoretical treatment of the problem ex-Provide a comprehensive study of the effect of Zn impurities
pected that a nonmagnetic impurity can only induce a loca®n the behavior of low-lying electronic excitations in YBCO.
moment when the “mother” phase has a spin §apurther ~ TO this end we study the specific heat of pure, 0.15%,
studies of this problem concluded that in a doped antiferro0.31%, and 1% Zn-doped single crystals YBCO samples.
magnet with no spin gap an induced localized magnetizatiohVe extend earlier measurements on Zn-doped polycrystal-
will exist around the impurity but it does not correspond to aline YBCO samples. Compared to pure YBCO we find that:
free moment. At low enough temperatures where the stagi) The linearT term, which has been regularly observed in
gered correlation length is larger than the localization lengttspecific heat measurements of YBEGs greatly increased.
associated with the impurity distortion, this localized mo-This result is only qualitatively consistent with the “dirty
ment is always aligned with the local staggered ofder. d-wave” scenarid®!” used to explain the penetration depth
While the question of whether the magnetic moments exist irmeasurements and the suppressio of (i) The T2 term

a global sense and in particular whether the moments aréecreases, suggesting either a surprisingly large increase in
observable below the superconducting transition temperatuithe Debye temperature or a new electronic contribution with
is still an open question, new theoretical ideas argue that the similar temperature dependenc#.) A low temperature
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FIG. 1. FIG. 1. The effect of Zn doping on the zero-field specific " K

heat of YB3Cu;Oe.o5- FIG. 2. The temperature dependence of the specific(péatted

asc(T)/T of 1% Zn doped YBCO, cooled in applied fields from 0
upturnT 2 below ~ 3.5 K is observed. This upturn is seen in to 8 T.
many specific heat measuremetftshough, its origin is still
unclear.(iv) The most intriguing result of our measurementselectronic heat capacity and proportional to its density of
is that there is no apparent increase in the number of frestates. Deviations from thigT+ T2 behavior are not very
magnetic moments as indicated by a Schottky anomaly imoticeable for the nominally pure sample, but with increasing
any of the Zn-doped samples as compared with the purén concentration the samples show a low-temperature upturn
sample. Normal state measurements of the magnetization btlow ~3 K. Also, from a visual observation, the curves for
the 1% sample is in agreement with previous measurementbe Zn-doped samples have larggrand smallei3 suggest-
indicating a magnetic moment of the size0.36 ug/Zn.  ing higher electronic density of states and higher Debye tem-
From these results, we conclude that the magnetic momenperatures with increasing Zn concentration. While the cause
that exist in the normal state must be screened at low tensf the low-temperature upturn is still unknown, there are
peratures in the superconducting state. some indications that it is related to interaction between
Pure and Zn-doped YBE&u;Osos (optimally doped  paramagnetic impurities and a local fi#ld° or a result of
single crystals were grown by a flux-growth technique. Thecollective behavior of these impuritié®.This is supported
detailed process and the characterization of the samples iy our finding that this upturn is somewhat influenced by the
described in Ref. 4. The Zn concentration was determined bguality of the sample. Previous reports of early samples of
comparingT, of the crystals to powder samples with known YBCO, showed a much larger low-temperature upturn in the
Zn concentration and annealed at the same conditions. Thipecific heat, thus, a straightforward fitting of the data at
method gives an accuracy of 0.01-0.02% Zn per Cu. Witthigher temperaturege.g. =5 K) to avoid the upturn will
increasing Zn-doping, th&, is suppressed by T, ~12 K/ result in misleading values of both thdl term and thegT?
% Zn. Magnetic measurements showed that in our 198erm?® Although the “upturn effect” is not too large below
sample theT . is suppressed by 12 K. Specific heat data were3.5 K, and does not effect our overall data, we still include it
taken using the relaxation method, which especially allowsdn our analysis as discussed below.
the measurement of relatively small samples. The addenda The magnetic field dependence is shown in Fig. 2 for the
heat capacity of the calorimeter was measured independenth? Zn-sample. The lower Zn-concentration samples show
and subtracted from the sample measurements. A more déimilar behavior. The most notable result here is the further
tailed description is found elsewhefe'® increase in the extrapolated intercept with t{&@)/T axis,
Specific heat data on the Zn-doped YBCO crystal werean indication of further increase in the quasiparticles density
taken between 2 and 12 K at zero field and between 2 and @f states upon the application of magnetic field. Based on our
K at 0.5, 2, 4, 6, and 8 T. The specific heat was measured gyevious results on pure YBCO crystalsve first attempt the
a function of temperature at constant magnetic field, whicrgeneral fit:
was applied abovd . before cooling the sample. The zero-
field results are shown in Fig. 1, plotted&&)/T vs T? and c(T,H=0)=A(0)/TN+ y(0)T+BT?,
compared with puré0% Zn) samples. In this representation,
for a normal metal, the slop@ is the coefficient of the lattice c(T,H=0.5T)=A(H)/TN+ y(H) T+ BT3+ cg T,H),
T2 term and the intercepy is the coefficient of the linear (1)
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TABLE |. Parameters for fit with Eg. Ino screening terin 10
Te B vsaR  A0) 7(0) 8 2

% Zn [K] [mI/molK] [mI/molK] [md/mol [md/mol K] /
0.0 93 0.39Z20.001 241 3.0x0.1 o 8 /
0.15 90 0.3080.003 202 71 4.3-0.1 % /
0.31 88 0.2840.003 25-2 16+2 5.8£0.2 % /
1.0 81 0.2740.003 242 3+1  11.7+0.2 & 47 7 -

f=) —t

= o )7144/ —

—

where we omitted th@? term for the Zn-doped samples as ¥
we no longer expect to have clean lines of nodes, and we 0 .
attempt to account for the uncertainty in the upturn by allow- s
ing the power law used to describe it to vary®s", where I
N=1,2. In these equationg is field independent and the -2
BT3 term is assumed to result from phonoos.{(T,H) is a 0 0z o4 06 08 1 12
Schottky anomaly associated with a field-independent molar % of Zn

concentrationvg., of free spin-1/2 moments. Finally, we
have a free functiory(H). For pure samples, the coefficient that s th e i e to th hasizing th
. . _ ~ at connects the points IS a guiae to the eye, empnhasizing the
of this linearT term is found_ to obeyy(H)— Y(0)+¥(H),  sublinear trend of the data.
wherey(0) decreases as twin boundaries and oxygen vacan-
cies are removed from the crysfdbr Ogqg, y(0)~1 mJ/ . o )
mol K2], and(H)=H 2 with a coefficient that agrees semi- I'eny, s with a logarithmic correction of order Ifignes/T°).
quantitatively with the prediction for lines of nod&sror the ~ Reference 17 shows reasonable agreement with that predic-
low-temperature upturn, in fitting only the zero-field data,i0n using penetration depth data of 0.15% and 0.31%. To
the best fit was obtained witN=2. However, a global fit analyze the specific heat we first need to estimate the “Zn-
using data of all fields for a given Zn concentration results infiké” impurities in the nominally pure sample. Again, the
a best fit withN=1. As our results and in particular the Penetration depth of similar samples give a scattering param-
conclusions based on the results were not sensitive to ther'/T. of about 0.0008, which corresponds to an impurity
choice ofN, we usedN=1 in all of the following data analy- concentration of 0.013% and a residual density of states ratio
ses. In general we found that the field dependence of fhe 1/°f 0-03, which implies a contribution of 0.6 mJ/mol K to
low-temperature upturn is not consistent with increasingh€ zero-field linear term. The residuat2.4 mJ/mol K
spin-1/2 impurities: it does not change dramatically with ap-most probably come from the unfilled chains as was found
plied field and does not become a Schottky-like term eitherPy measuring the high oxygen content crystdlsising the

The coefficients that we obtained in this fit are given in Table@Pove data Fig. 3 shows the change of the zero field linear
I term from the Zn-free sampleA y(0)] as a function of the

Starting our analysis with the effect of Zn-doping 89 Zn concentration. For comparison we also show in Figi73 the
we find that3=0.308, 0.284, and 0.274 mJ/mofKor the ~ €xpectedA y(0) expected from “dirtyd-wave” theory:
0.15%, 0.31%, and 1% Zn-doped samples, respectively, a\g/h_ne as for the _penetratlon depth data, the low Zn concen-
compared with 0.3920.001 mJ/mol ¥ for the nominally tration f|_ts 'the “dirty d-wave” theory reasongbly wgll, stron-
pure sample. If thig’® term is only associated with phonons, 9€r deviation appears for the 1% sample indicating a more
it corresponds to an increase in the Debye temperature fronj’€ar dependence on the Zn concentration. Table | summa-
403 K in the nominally pure sample to 454 K in the 1% 1Zes the results presented above. »

Zn-doped sample. Such a large increase is very surprising FOr Pure samples, the field dependent coefficient of the
and may indicate that a portion of tfié term is electronic in linearT term obeysy(H) = y(0)+ y(H). While yxH for
nature. The linear termy(0)T , also increases with Zn dop- pure samples, Zn doping alters this behavior and the 1% Zn
ing. The zero-field lineaf term increases from 3.0 mJ/mol- sample showegoH as is shown in Fig. 4. This suppression
KZ in the nominally pure sample to 4.3, 5.8, and 11.7 mJiof the H? term was expected because of increased scatter-
mol K? in the 0.15%, 0.31%, and 1% Zn-doped samplesing. In Volovik's work2* the HY2 magnetic field dependence
respectively. Assuming a normal state linércoefficient  of the density of states results from the use of the intervortex
¥n~20 mJ/mol K, this implies a residual density of states spacing as a cutoff to the spatial integral over the density of
ratiosn,es=N(Eg)/N,, of 0.066, 0.14, and 0.43 for the three states in the vortex. For the large Zn concentration such as
crystals[here N(Eg) is the density of states at the Fermi our 1% sample we expect a much shorter cutoff length. In
level andN,, is the density of states in the normal state thatthe unitary limit the scattering rate at low frequenciead
results in thaty,]. From penetration depth measurements oftemperaturgssaturates at a valué~vgn,.4/2I".1" Using our
crystals from the same batchesn analysis based on a results forl' we find that this length is of order 100 A, thus
“dirty d-wave”'’ found a scattering parameteF/T,  explaining the linear field dependence.

=0.018-0.030 for 0.31% Zn doping andI'/T. Finally we turn to the search of the Zn-induced magnetic
=0.006-0.009 for the 0.15% Zn doping. In the limit of moments. As noted in the introduction the Zn-induced impu-
strong resonant scattering the didiywave model predicts rities are expected to be observed in finite magnetic field

FIG. 3. The zero-fieldy term as a function of Zn doping. Line
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FIG. 4. The field dependence of the coefficient of the linEar-
term, y(H), as determined from the global fits described in the text. FIG. 5. The Schottky effect observed in the 1% Zn-doped
Note, aT? term was allowed for the nominally pure sample. Con- Sa8mple together with an expected Schottky effect associated with
necting lines are only a guide to the eye. 1% moments of size: 0.325 (dashed lingor 1.28 5 (dash-dotted
line), see text. Solid line through the 8 T data is the fit as presented
specific heat measurements. For a two-level system this is 8 Fig. 6. Solid circles are the zero-field data.
Schottky-like anomaly given by:
boring oxygen atoms.If a significant amount of either
e 0.32ug or 1.28.5 moments were present, it would be readily
(]__I_e(TT))T 2) apparent in the size of the Schottky anomaly, which is un-
changed from undoped samples. Fitting with a Schottky term
where A is the size of the two-level system gap. Clearly awith 1.28.g moments in addition to the lz-spin-1/2
true two-level system exists for spin 1/2 impurities only. In anomaly finds no more than 0.02% additional spins per Cu
the case of Zn impurities we expect an effective moment otind is consistent with no 1.2 moments at all. At 0.325
order one Bohr-magnetdrhence, a simplified two-level sys- per moment, the presence of 1% spins per Cu would create a
tem with a momenj and a gapA =2 H should be a good  Schottky tail which would not roll over at even the highest
approximation for the expected effect on the specific heatffields and lowest temperatures measured. However, this up-
Also in Eq.(2), vsehis the molar concentration of moments turn would increase proportionally to the square of the ap-
and R is the gas constant. Impurity moments are alwaysplied field, being 16 times larget & T than at 2 T. Assum-
found in specific-heat measurements of highmaterials ing that all of the low-temperature upturn in the 8-T data is
even for “pure” crystals. For optimally doped YBCO a con- from a small-moment Schottky anomaly, we obtain an upper
centration of about 0.05%—-0.1% per copper atom is fatind. limit of 0.03% spins per Cu, for 0.32; moment spins. Fig-
For higher oxygen concentration this number is smaller proure 5 highlights this discrepancy, showing that even with
viding us with evidence that most of these moments comdlifferent fitting methods, there are few, if any, of the Zn
from uncompensated copper atoms in the chains. As menmpurities creating free magnetic moments in the crystal.
tioned above, it has been argued that Zn impurities induce The absence of Zn-induced magnetic moments in the su-
moments that for the concentration range and oxygen levgderconducting state may be explained in two ways. The first
of our samples is expected to he=0.32ug to 0.36ug.® s that the moments exist only in a local sense and thus will
Thus, it is easy to calculate the expected Schottky anomalige found in local measurements such as Knight shift but will
associated with the Zn moments; in particular we expect thalbe missed in bulk measurements such as the present specific
since the Zn moments originate from the Cu-O planes antheat due to the “spread” of the moment throughout the
the “unaccounted” spin-1/2 moments come from the chainswhole samplé! To check for this hypothesis we measured
the Zn contribution will simply be an addition to the pure the susceptibility of the 1%-Zn doped sample. A weak Curie
crystal heat capacity. With the above introduction, the mosbehavior was found, which is of similar magnitude to that
surprising result is that we did not find any change in themeasured by Zagoulaest al® implying a similar size of
Schottky anomaly for any of the Zn doping all the way to 8 magnetic moment per Zn impurity. The fact that the Zn mo-
T, the maximum field we measured. This result can mosments exist in the normal state may be explained by the fact
dramatically be seen in Fig. 5, where the specific-heat data @hat we have been measuring a doped Heisenberg antiferro-
8 T is plotted together with the calculated Schottky anomalymagnet, which is close to optimal doping, and for which the
expected for 1% Zn with magnetic moment per Znof spin gap has not collapsed yet.
=0.32ug (the smaller expected contributiprAlso plotted The second possibility for the “disappearance” of the
in Fig. 5 is a Schottky anomaly with=1.28ug, displaying moments is that they are screened in a Kondo fashion. Such
the possibility of a “composite” moment that results from a possibility was recently considered by Nagaosa and’_ee
local ferromagnetic interaction of moments on four neigh-and by Cassanello and FradkthRelevant to our measure-

2 AlkgT

Cse T,H)= VSch(kB_T
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20 TABLE Il. Parameters for fit with Eq(3) (including screening

term).
8 % B vseR y(0)
Zn  [mJmol K] [md/mol K [mJ/mol K]  &8IT[K™1]

0.31 0.284-0.003 252 5.8-0.2 0.003-0.002

16 ° 1.0 0.274-0.003 24r2 11.7-0.1 0.0082-0.0004

alized because of the different symmetries that may be in-
volved, including internode scattering and s9.dhis very
unlikely that these effects will help in the Kondo screening
since these potentials are invariant under spin rotafibns.
With the above discussion in mind we fitted our Zn-doped
specific heat data with the screening model, i.e., &).
Since the model provides us with the limiting cases only for
0 10 20 30 20 0 temperature and fields we first fit the high field, assuming
2 &) that all the field dependence comes from the screening. We
then introduce an interpolation function that is exponential in
FIG. 6. Fit of the screening approximati¢Ref. 14 to the 1%  nature, which connects the low and high magnetic fields. We
Zn-dc_)p(_ad sample. The fit assumes that all the field dependence & the results of the fit in Fig. 6 while the fitting param-
that limit comes from the screening. eters are shown in Table Il. Again, compared with Zn-free
sample the Schottky anomaly does not change Ttheon-
Yribution is smaller and a small low-temperature upturn is

conductor will be screened, and show that the screening Ca%t_)sgrved. For the .1% Zn we find{Ty) = 0.0082, a value

be described as a multichannel nonmarginal Kondo problerﬁ'.‘"th'n_ the range d|scu_ssed n Rgf. 14. For that s_amp_le we
For simplicity they assume spin-1/2 impurities that are lo-also _flnd that the quality of the flt_ degrade_s at_ high fields,

cated on the Cu sites in the planes. Using expected values BPSSiPly due to the model becoming invalid with the rela-

the exchange coupling, they find a critical temperafiige tively large DQS at the nodes and' |ts.S|muItaneous smearing
~10 K, below which the impurities will be overscreened. by the Zn doping and the magnetic field. For the 0.31% Zn

Their calculation of the low-temperature specific heatthe value ¢/T K)=0.003 seems somewhat low as we ex-
yielded the expressions: pected to first approximation that the two values will be the

same.
T\2 [ A In conclusion, we presented in this paper a comprehensive
C(TrH):9§(3)ViRN052(T_) In(ﬁ> for keT>uH,  study of the low-temperature heat capacity of Zn-doped
K B YBCO single crystals. Several trends have been found as a
2 T H A function of'Zn doping. Thél'_3 term decr'ea'_ses'with in'creas—
c(T,H)z(—) ViRNc52<—) ( K )In( 0 ) ing Zn, while the liner term increases, indicating an increas-
3 Tk/\ksTk/ | ugH ing DOS at the nodes. This residual density of states is only
qualitatively consistent with al-wave resonant scattering
for kgT<uH. (3)  theory. The 1% Zn clearly deviates from the theoretical ex-
, ) i i i i pectation, showing excess DOS. A low-temperature upturn is
Here; is the impurity concentration per mol,is the uni-  ngjstently observed for the Zn-doped samples, similar to
versal gas constani(3) is the Rieman zeta function of ar- ¢4y measurements on more disordered YBCO samples. The
gument 3N is the rank of the symmetry group of the im- 5,56 and exact form of this upturn is still not clear. The
purity spin, taken to be 2 in the relevant casee Ref. 14 for  nqt syrprising result of our study though is that no Schottky
detaily, 6 is a dimensionless parameter related to theynomaly is observed for the presumed magnetic moments
strength of the screenin@he singlet amplitude Ag is the  reated by Zn doping. Based on a recent theory by Cas-
maximum gap of thel,>_ 2 superconductor, anlk is the  ganello and Fradkin we fitted the data with Kondo-screened
Kondo temperature associated with the impurities. Beforgnoments. The relatively good quality of the fit and the rea-
presenting our fit to the Cassanello and Fradkin’s calculatioRgnaple parameters extracted from it give us confidence that
we note that the calculations are based on a very simplg,deed Zn moments in YBCO crystals are screened by qua-

model that assumes that the quasiparticles that screen “%?particles in the nodes of thi._ .2 superconductor.
moments come from the nodes only. However, Zn impurities Y

cause the depression of the order parameter close to the im- Work at Stanford University was supported by the Air
purity site due to potential scatteringe., pair breaking Force Office of Scientific Research. S.G.D. was supported by
This effect is the main cause of the depressionof and  the Alexander von Humboldt-Stiftung. The authors wish to
was not included in the calculations. However, all the effectghank Kathryn Moler for her valuable contributions at the
related to Zn scattering are local in nature and thus shouléhitial stages of this work. We also wish to thank Doug
reduce to a generalized Andreev boundary conditgener-  Scalapino and Eduardo Fradkin for many useful discussions.

(c-BT%/T (m]/molK?)

12 F

ments is the Cassanello and Fradkin work in which the
postulated that magnetic impurities in a cleahwave super-
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